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ABSTRACT 


This  report  documents  work  carried  out  largely  over  the  fifth  and  final  year  of  the 
ONR  sponsored  University  Research  Initiative  (URI)  entitled  “Materials  for  Adaptive 
Structural  Acoustic  Control.”  This  program  has  continued  to  foster  the  successful 
development  of  new  electroceramic  single  crystal  and  composite  material  combinations  for 
both  sensing  and  actuation  functions  in  adaptive  structural  systems. 

For  the  classical  perovskite  relaxor,  dielectrics  typified  by  lead  magnesium  niobate, 
continuing  studies  of  properties  in  the  temperature  region  above  the  dielectric  maximum 
have  added  strong  additional  support  to  the  superparaelectric/spin  glass  model  for  the 
behavior  developed  earlier  in  the  IMRL.  The  most  exciting  and  important  discovery  of  the 
year  has  been  the  ultra  high  strain  capability  of  relaxor  ferroelectric  single  crystal  actuators. 
For  crystal  in  the  lead  zinc  niobatedead  titanate  (PZN;PT)  solid  solution  system,  at 
compositions  in  the  rhombohedral  phase  close  to  the  morphotropic  phase  boundary  to  the 
tetragonal  ferroelectric  phase  at  9  mole  %  PT  in  PZN,  crystals  cut  and  poled  along  the  001 
cube  axis  exhibit  massive  field  induced  quasi  linear  anhysterestic  strains  up  to  0.6%.  For  this 
poling  d33  values  up  to  2,300  pC/N  and  coupling  coefficients  k33  of  94%  have  been  achieved 
and  it  was  the  original  hypothesis  that  these  extreme  numbers  must  be  largely  due  to  extrinsic 
domain  wall  motion.  Now  however  it  is  very  clear  that  the  exact  equivalence  of  the  effect  of 
an  001  oriented  E  field  on  the  lll,ill,lll,andni  rhombohedral  domains  precludes  this  field 
from  driving  domain  wall  motion  so  that  quite  contrary  to  our  earlier  expectation  the 
polarization  and  associated  strain  phenomena  are  purely  intrinsic.  At  higher  field  levels  there 
is  an  obvious  step  in  both  polarization  and  strain  into  an  induced  tetragonal  phase  which  gives 
total  reproducible  induced  strains  up  to  1.7%.  Clearly  the  PZN:PT  crystals  represent  a  major 
breakthrough  into  a  completely  new  regimen  for  piezoelectric  actuation  and  sensing. 

For  antiferroelectric:ferroelectric  switching  compositions  in  the  lead  lanthanum 
zirconated  titanate  stannate  family,  new  experimental  studies  have  proven  that  the  induced 
polarization  P3  and  the  strain  X33  onset  at  different  field  levels.  A  new  domain  re-orientation 
model  has  been  invoked  to  explain  this  startlingly  unusual  behavior.  Both  barium  and 
strontium  additives  have  also  been  explored  to  control  hysteresis  between  forward  and 
backward  switching  with  good  success.  As  well  as  being  interesting  for  transduction  we 
believe  these  compositions  are  sure  to  be  important  for  energy  storage  dielectrics. 

In  composite  sensing  it  is  pleasing  to  report  that  the  moonie  flextensional  patent  has 
now  been  licensed  to  the  InputrOutput  Corporation  who  have  successfully  fabricated  and  sold 
more  than  80,000  moonie  sensors.  Work  is  continuing  on  the  cymbal  type  modification  of 
the  moonie  with  focus  now  on  array  structures  for  large  area  panels.  This  topic  is 
transitioning  to  a  joint  study  between  the  IMRL  and  Penn  State’s  ARL,  on  a  new  MURI 
initiative.  For  the  very  small  hollow  PZT  spheres  produced  by  blowing,  the  emphasis  has  been 
upon  both  poling  and  driving  from  outer  surface  electrodes,  and  exploring  both  by 
experiment  and  by  finite  element  theoretical  methods,  the  resonant  mode  structures  which  can 
be  induced.  Studies  of  the  2:2  composite  structures  confirm  the  very  high  effective 
hydrostatic  sensitivity  and  are  permitting  closer  consonance  between  measurement  and 
theoretical  analysis. 

Actuation  studies  have  been  dominated  by  the  initial  exploration  of  the  fantastic  strain 
capability  of  the  relaxor  ferroelectric  MPB  single  crystals.  Obviously  the  induced  strains  are 
on  order  of  magnitude  larger  than  for  conventional  PZT  ceramics,  but  the  blocking  force  has 


not  yet  been  determined.  It  is  expected  that  d3j  will  also  be  large  and  anhysteritic  in  these 
crystals,  as  spontaneous  strain  depends  on  Q44  which  is  a  pure  shear  constant.  The  djj 
however  may  be  significantly  more  complex  as  an  Ej  field  will  certainly  drive  domain  walls  in 
these  E3  poled  crystals. 

Reliability  studies  of  conventional  actuators  are  continuing  with  emphasis  on  using 
acoustic  emission  to  explore  and  separate  domain  wall  motion  and  crack  propagation.  Most 
earlier  studies  were  indeterminate  and  difficult  to  interpret,  recently  for  these  strongly 
piezoelectric  samples  we  have  shown  that  electrical  noise  in  the  power  supply  induces  very 
strong  mechanical  noise  in  the  sample  giving  high  spurious  emission  counts.  New  studies 
using  a  long  time  constant  filter  in  the  supply  have  permitted  clear  and  effective  separation. 
Over  the  last  few  years  there  has  been  a  strong  re-awakening  of  interest  in  bimorph  type 
transducer  amplifiers  with  new  concepts  like  rainbow,  cerambow  and  thunder  appearing. 
Under  our  ONR  program  with  Virginia  Polytechnic  it  has  been  necessary  to  sort  out  the 
conflicting  claims  for  these  ‘morph’  types  and  these  data  are  included  for  completeness.  We 
have  also  begun  serious  study  of  the  large  electrostriction  in  the  soft  polyurethane  elastomers 
-Where  it  has  been  necessary  to  derive  new  techniques  to  measure  strain  with  ultra  low 
constraint  on  the  films. 

Processing  studies  now  involved  both  single  crystal  flux  growth  and  a  wide  range  of 
powder  and  ceramic  processing.  Current  needs  for  integrity  and  better  mechanical  properties 
are  driving  new  needs  for  fine  grained  PZT  piezoceramics  and  new  processing  is  permitting 
retention  of  excellent  properties  down  to  submicron  grain  sizes. 

From  the  wide  range  of  thin  ferroelectric  film  activities  in  the  laboratory,  only  those 
which  refer  to  the  thicker  films  being  produced  on  silicon  for  MEMS  devices  are  included. 
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Effects  of  Transitional  Phenomena  on  the  Electric  Field  Induced  Strain-Electrostrictive 
Response  of  A  Segmented  Polyurethane  Elastomer 

Synopsis 


The  electromechanical  properties  of  a  segmented  polyurethane  elastomer  were 
investigated  as  functions  of  temperature  and  frequency.  Two  transitional  phenomena  were 
observed  in  the  temperature  range  from  -50  OC  to  85  ^C.  In  these  transition  regions,  the  electric 
field  induced  strain  coefficient  exhibits  large  increases,  which  indicates  that  the  effect  of  the 
transition  processes  is  significant.  The  experimental  analysis  suggests  that  the  transitional 
processes  in  the  polyurethane  are  related  to  the  chain  segment  motions.  From  the  elastic 
compliance  and  the  dielectric  constant  data,  the  contribution  of  the  uniform  Maxwell  stress  was 
determined.  It  was  found  that  the  contribution  of  the  Maxwell  stress  effect  to  the  measured  strain 
coefficient  increased  from  about  10  %  below  the  glass  transition  temperature,  Tg,  (—25  OQ  to 
about  50  %  and  35  %  for  the  frequencies  of  10  Hz  and  100  Hz,  respectively,  at  -40  ®C,  which  is 
above  Tg.  The  large  difference  between  the  measured  strain  response  and  the  calculated  Maxwell 
stress  effect  indicates  a  significant  contribution  to  the  field  induced  strain  from  other  mpirhflnkmg 
such  as  electrostriction. 


Keywords:  Polyurethane  elastomer,  electric  field  induced  strain.  Maxwell  stress,  electrostriction 

and  transitional  phenomena. 


I.  Introduction 


Electromechanical  coupling  effects  such  as  piezoelectricity  and  electrostriction  have  been 
widely  utilized  in  transducer,  sensor  and  actuator  technologies.^'^]  During  the  last  three 
electromechanical  polymers,  especially  piezoelectric  poly(vinylidene  fluoride)  (PVDF)  and  its 
copolymers  with  trifluoroethylene  (TrFE),  have  drawn  much  attention  because  of  their  low 
acoustic  impedance,  mechanical  flexibility  and  good  processing  properties  as  well  as  low 
manufacturing  cost.P>41  However,  their  applications  have  been  limited  due  to  the  lower 
electromechanical  activity  when  compared  with  those  of  piezoceramic  Lead  Ziiconate  Titanate 
(PZT).[5'63  The  recent  development  in  electromechanical  properties  of  polymers  showed  that 
some  thermoplastic  polymer  elastomers,  especially  segmented  polyurethane  elastomers,  can 
exhibit  very  high  electric  field  induced  strain  response.  These  electromechanically  active 
pol3mrethane  elastomers  have  drawn  more  and  more  attention  and  many  experimental 
investigations  have  been  conducted[7-9]  since  the  large  electric  field  induced  strain  of  this  class  of 
polyurethane  elastomers  was  reported.  1 1^1 

The  objective  of  this  study  is  to  provide  understanding  of  the  possible  mechanisms  for  the 
observed  large  electric  field  induced  strain  in  this  class  of  polyurethane  elastomers  through 
investigations  on  the  temperature-frequency  dependence  of  the  field  induced  strain,  the  dielectric 
and  the  elastic  properties.  In  addition,  the  temperamre  dependence  of  the  molecular  motions  in 
the  material  were  also  examined  using  Differential  Scanning  Calorimetry  (DSC),  Fourier 
Transform  Infrared  (FTIR)  spectroscopy  and  Thermal  Expansion  (TE)  techniques  to  elucidate  the 
property-molecular  motion  relationship. 

n.  Experimental 

A.  Sample  Preparation 
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The  material  used  in  this  investigation  was  produced  by  Deerfield  Urethane,  Inc.  using  a 
Dow  polyurethane  (Dow  2103-80AE).  The  polyurethane  is  a  segmented  elastomer  consisting  of 
poly(tetramethylene  glycol)  (PTMEG)  as  the  soft  segment  and  methylenedi-p-phenyl  diisocyanate 
(MDI)  as  the  hard  segment  with  1,4-butanediol  (Bdiol)  acting  as  the  extender.  The  molar  ratio  of 
the  components  in  the  polyurethane  is  1.8  mol.  MDI/0.8  mol.  Bdiol/1.0  mol.  PTMEG.  The 
samples  for  experimental  measurements  were  prepared  by  solution  casting.  The  thickness  of  the 
sample  in  this  investigation  was  2  mm.  The  gold  electrodes  were  vacuum  evaporated  onto  the 
opposing  surfaces  of  the  cast  samples. 

The  result  of  x-ray  diffraction,  shown  in  figure  1,  indicates  that  there  is  no  detectable 
crystalline  phase,  in  the  samples  investigated  within  the  experimental  resolution,  or  it  can  be  said  that 
the  sample  is  amorphous. 

B.  Electric-Field-Induced  Strain  Measurement 

A  double-beam  laser  interferometer  was  employed  to  measure  the  strain  induced  by  the 
applied  electrical  field  at  frequencies  of  10  Hz  and  100  Hz  in  the  temperatures  range  from  -30 
to  80  OC.  A  detailed  description  of  the  technique,  including  the  basic  principle,  the  set-up  and  the 
sample-mounting  for  the  strain  measurements  was  reported  with  schematic  representation  in  a 
previous  publication, 

C.  Dielectric  and  Elastic  Measurements 

The  temperature-frequency  dependence  of  the  dielectric  constant  of  the  polyurethane  was 
measured  in  a  temperature  controlled  chamber  by  a  lock-in  amplifier.  The  temperature  range  for 
the  measurement  was  from  -40  OC  to  80  °C  and  the  heating  rate  was  2  or/min  The 
measurement  frequencies  were  10  Hz  and  100  Hz.I^l 

The  temperature-frequency  dependence  of  the  elastic  compliance  of  the  polyurethane  was 
investigated  using  a  Dynamic  Mechanical  Analyzer  (DMA)  from  -40  to  80  °C  with  a  heating 
rate  of  2  ocymin.  The  measurement  frequencies  were  also  10  Hz  and  100  Hz. 
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D.  DSC,  FTIR  and  Thermal  Expansion  Measurements 

To  understand  how  the  observed  macroscopic  properties  are  related  to  the  molecular 
structures,  molecular  motions  and  transitional  phenomena.  Differential  Scanning  Calorimetry  (DSC), 
Founer  Transform  Infrared  (FTIR)  spectroscopy  and  Thermal  Expansion  (TE)  measurements  of  the 
polyurethane  were  examined  as  functions  of  temperature.  The  temperature  range  for  DSC  and  FTIR 
measurement  was  from  25  oc  to  190  oc  and  from  25  oc  to  180  oc.  respectively,  while  for  TE,  the 

temperature  range  was  from  40  oc  to  100  ©C.  The  heating  rate  was  10  oc/min.  for  the  DSC  and  TE 
measurements. 

m.  Results  and  Discussion 


A.  Temperature  and  Frequency  Dependence  and  Transitions 

The  experimental  results  of  the  electric-field-induced  strain  are  presented  in  figure  2a.  The 
stram  coefficient,  R33,  (  S3  =  R33  El,  where  S  is  the  strain,  E  is  the  appUed  electric  field,  and  the 
subscnpt  3  represents  the  direction  perpendicular  to  the  sample  surface)  increases  with 
temperature  and  decreases  with  frequency.  In  the  temperature  range  from  -30  oc  to  60  oc,  two 
relatively  sharp  increments  are  observed:  one  starts  at  the  temperature  about  -20  oc  and  the  other 
starts  at  about  50  oc.  Similar  trends  are  also  observed  in  the  dielectric  and  elastic  data  shown  in 
figures  2b  and  2c,  respectively.  The  dielectric  constant,  K,  shows  a  rapid  increase  at  about  -20  oc 
but  a  relatively  smaU  change  at  about  60  ©c  while  the  temperature  dependence  of  the  elastic 
con^liance  shows  two  rapid  increases  starting  at  about  -25  oc  and  60  oc,  respectively.  The 
sharp  change  m  the  material  properties  at  the  lower  temperature,  observed  in  these  measurements, 
is  related  to  the  glass  transition  of  the  polyurethane  due  to  large  scale  molecular  motions  of  the 
soft  segments,  PTMEG.On  h  order  to  understand  the  change  at  higher  temperature  transition, 
DSC,  FTIR  and  TE  investigations,  which  are  employed  extensively  in  studies  of  structures  and 
molecular  motions  of  segmented  polyurethane  elastomers,ni-i3I  were  carried  out.  The  DSC 
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curve,  shown  in  figure  3,  exhibits  an  endothermic  peak  at  about  75  ®C,  starting  at  about  50 
and  ending  at  about  90  °C,  which  is  much  higher  than  the  glass  transition  temperature,  (about  -20 
OQ  and  much  lower  than  the  melting  temperature,  (about  170  OC),  which  is  reflected  by  another 
endothermic  peak  starting  at  about  100  and  ending  at  about  185  ©C.  From  the  DSC  results, 
the  enthalpy  change  associated  with  the  transition  between  50  ©C  and  100  OC  was  calculated  by 
assuming  the  change  is  associated  with  the  dissociation  of  the  hydrogen  bonding  in  hard  segments 
since  some  previous  publication  suggested  the  endothermic  peak  might  be  associated  with 
hydrogen  bonding  dissociation.  However,  the  value  obtained,  which  is  3.71  kcal/mol.,  is 
obviously  lower  than  the  previously  reported  enthalpy  change  due  to  hydrogen-bond  dissociation 
in  segmented  polyurethanes  having  similar  chemical  structure.tl2]  The  thermal  expansion 
measurement  of  the  segmented  polyurethane  elastomer  also  exhibits  a  characteristic  transitional 
change  in  the  temperature  range  between  50  ©C  and  100  ^c.  As  can  be  seen  in  figure  4,  the 
material  exhibits  a  rapid  thermal  expansion  in  the  temperature  range  from  about  50  to  about  90 

oc. 

The  temperature  dependence  of  the  absorbency  spectroscopy  of  the  FTIR  study  on  the 
polyurethane  is  shown  in  figures  5a-5d.  The  change  in  the  infrared  absorption  related  to  the  -NH 
and  -C=0  related  hydrogen  bonding  was  investigated  at  60  ^C,  100  ^C,  140  and  180  ^C.  As 
the  temperature  is  increased  from  60  OQ  to  100  ^C,  the  absorption  of  bonded  -NH  (3327  cm*‘ ) 
associated  with  the  absorption  of  bonded  -C=0  (1714  cm'^ )  show  only  a  minor  decrease.  The 
absorption  of  unbonded,  or  free,  -NH  (3448  cm'* )  and  the  unbonded  -C=0  (1730  cm*‘ )  shows 
very  little  increase  in  the  same  temperature  range,  which  indicates  that  the  transitional  change 
observed  in  the  DSC  and  TE  measurements  is  not  mainly  associated  with  the  dissociation  of  the 
hydrogen  bonding  in  the  MDI  segments.  However,  when  the  temperature  is  increased  from  100 
°C  to  140  OC,  a  relatively  large  change,  i.e.  a  large  drop,  in  the  absorption  of  the  H-bonded 
groups  and  increase  in  the  absorption  of  the  unbonded  groups,  can  be  observed.  Further  increase 
of  the  temperature  to  180  results  in  a  significant  dissociation  of  the  hydrogen  bonding,  which 
is  reflected  by  the  disappearance  of  the  bonded  -NH  (3327  cm'*  )  and  -C=0  (1714  cm'*  ) 
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absoiption  peaks,  and  the  large  increase  of  the  absorption  peak  due  to  the  unbonded  -NH  (3448 
cm** )  and  -C=0  (1730  cm'* ).  This  observation  corresponds  to  the  endothermic  peak  observed  in 
the  temperature  region  from  100  oc  to  180  °C  in  the  DSC  measurement,  which  is  associated  with 
the  hard  segment  dissolution  (melting)  as  a  consequence  of  the  dissociation  of  the  hydrogen 
bonding  in  MDI. 

The  experimental  results  obtained  from  the  DSC,  TE  and  FTIR  investigations  show  that 
the  transition  between  50  oc  and  100  oC,  which  might  be  the  key  factor  resulting  in  the  increased 
field  induced  strain  response  of  the  segmented  polyurethane  in  the  temperature  region,  is  neither 
the  glass  transition  nor  the  melting  if  the  glass  transition  reflects  the  molecular  motion  of  the  soft 
segments  and  the  melting  reflects  the  molectrlar  flow  of  whole  polymer  chaing  when  the  hydrogen 
bond  dissociation  occurs.  The  molecular  origin  of  the  transition  might  be  related  to  the  molecular 
motion  of  the  extenders  within  the  hard  segments,  which  might  occur  without  destroying  the 
hydrogen  bonding  sheet  stracture,fl2]  and  result  in  expanding  in  the  direction  perpendicular  to  the 
hydrogen  bonding  sheets  and  increasing  free  volume.  When  this  happens,  it  should  lead  to 
transitional  changes  in  elastic  and  thermal  expansion  properties,  as  observed  in  figures  2c  and  4, 
respectively.  The  asymmetric  endothermic  peak,  i.e.  slow  increase  before  the  peak  position 
(about  75  ®C)  and  rapid  decrease  after  the  peak  observed  in  the  DSC  curve,  could  be  a  result  of 
the  restraining  of  the  hydrogen  bonding  in  MDI  segments  to  the  extender  (Bdiol)  related 
molecular  motion.  This  restraint  can  limit  the  molecular  motion  of  extenders  between  MDI 
segments,  which  results  in  the  slow  increase.  When  temperature  is  high  enough  to  cause  the 
motion  of  or  dissociation  of  the  hydrogen  bonds  in  the  hard  segments  to  a  significant  level,  the 
limited  molecular  motion  of  the  extenders  can  be  accelerated,  which  results  in  the  rapid  decrease. 

B.  Contributions  from  the  Maxwell  Stress  Effect  and  Non-  Maxwell  Stress  Effects 

In  general,  the  electric  field  induced  strain  in  a  non-piezoelectric  material  can  be  from  the 
electrostrictive  effect  and  also  from  the  Maxwell  stress  effects.  The  electrostrictive  effect  is  a 


7 


direct  coupling  between  the  polarization  and  mechanical  response  in  the  material.  It  can  be 
expressed  as  the  strain  change  induced  by  a  change  in  the  polarization  level  in  the  material 
Se  =  QP2  (1) 

where  S  is  the  strain,  P  is  the  polarization  level  and  Q  is  the  electrostrictive  coefficient  of  the 
material.  For  a  linear  dielectric,  P  =  Eq  (K-1)  E.  So  that  the  equation  (1)  can  also  be  rewritten 
as 

SE  =  Qeo^(K-l)2E2  (2) 

where  K  is  the  dielectric  constant  of  the  material,  Eq  is  the  vacuum  dielectric  permittivity  and  E  is 
the  applied  electric  field.  On  the  other  hand.  Maxwell  stress,  T,  which  is  due  to  the  interaction 
between  the  free  charges  on  the  electrode  (Coulomb  interaction)  ,  can  also  contribute  to  the 
electric  field  induced  strain  response.  For  the  simation  considered  here,  it  is  also  proportional  to 
the  square  of  the  applied  electric  field  and  can  be  expressed  as 

T=-£oKE2/2  (3) 

Therefore,  the  dimensional  change  due  to  the  Maxwell  stress  is  obtained  as 

SM=-seoKE2/2  (4) 

where  s  is  the  compliance  of  the  material.  As  can  be  seen,  the  strain  induced  by  the  Maxwell 
stress  can  be  quite  substantial  for  a  soft,  or  high  compliance,  material  such  as  the  pol3mrethane 
elastomer  investigated. 

From  the  temperature  dependence  of  the  dielectric  constant  and  elastic  compliance 
measurements,  the  electric  field  induced  strain  due  to  the  Maxwell  stress  efiect  and  percentage  of 
this  contribution  to  the  total  strain  response  were  determined,  which  are  shown  in  figures  6a  and 
6b,  respectively.  When  the  temperature  is  lower  than  the  glass  transition  temperature,  Tg,  the 

o 

contribution  of  the  Maxwell  stress  is  relatively  small,  which  is  only  about  10%,  since  the  elastic 
compliance  is  low.  During  the  glass  transition  period,  which  is  approximately  from  -20  to 
30OC,  the  Maxwell  stress  contribution  increases  from  about  10  %  to  about  35  %  and  50  %  for 
100  Hz  and  10  Hz,  respectively,  while  the  elastic  compliance,  s,  increases  about  one  order  of 
magnitude  and  the  dielectric  constant,  K,  increases  from  4  to  6.5.  From  50  to  80  ®C,  the 
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temperature  region  for  the  observed  second  transition  from  DSC  analysis,  the  increase  of  the 
strain  is  also  observed.  Associated  with  this  increase,  the  elastic  compliance  shows  a 
corresponding  increase  while  the  dielectric  constant  does  not  show  a  significant  change. 

From  the  discussion  above,  it  can  be  seen  that  the  Maxwell  stress  contribution  is 
important  for  the  electric  field  induced  strain,  especially  when  the  temperature  is  higher  than  the 
glass  transition  temperature  of  the  polyurethane.  On  the  other  hand,  the  non-Maxwell 
contribution,  which  is  assumed  to  be  electrostrictive  strain,  is  also  very  significant  As  can  be 
seen  in  figures  7a  and  7b,  the  non-Maxwell  stress  part  of  the  field-induced  strain  coefficient 
which  is  represented  as  Re-Rm,  where  Re  is  the  total  measured  strain  coefficient  and  Rm  is  the 
Maxwell  stress  contribution,  shows  significant  values  in  the  whole  temperature  region  where  the 
measurement  was  conducted,  and  when  the  temperature  is  lower  than  the  glass  transition 
temperature,  the  electrostrictive  contribution  dominates  (at  about  90  %).  Even  though  the 
Maxwell  stress  contribution  is  significantly  increased  when  the  temperature  is  raised  to  above  60 
OC,  which  is  higher  than  Tg,  the  electrostrictive  strain  is  still  contributing  to  the  total  field  induced 
strain  of  about  40  %  at  10  Hz  and  about  60  %  at  100  Hz,  respectively. 

C.  Temperature  and  Frequency  Dependence  of  the  Electrostrictive  Coefficient 

The  experimental  results  show  that  the  glass  transition  plays  an  important  role  in  the 
observed  large  electric  field  induced  strain  of  the  polyurethane  investigated.  During  the 
transition,  both  the  dielectric  and  elastic  properties  show  transitional  change,  therefore  the 
contribution  of  Maxwell  stress  effect  shows  similar  characteristics,  as  discussed.  Based  on  the 
equation  (2),  the  electrostrictive  coefficient  Q  can  be  evaluated.  The  temperature  dependence  of 
the  coefficient  Q  at  10  Hz  and  100  Hz  is  presented  in  figures  8.  As  can  be  seen,  when  the 
electrostrictive  coefficient,  Q,  is  examined  over  the  temperature  range  of  the  glass  transition,  it 
does  not  show  the  temperature  dependence  as  that  observed  in  the  Maxwell  stress  effect  which 
depends  directly  on  the  elastic  compliance.  However,  when  the  temperature  is  raised  to  the 
second  transitional  region,  the  coefficient  Q  exhibits  increase  with  temperature.  Considering  the 
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fact  that  the  electromechanical  response  of  a  pol5mier  material  is  contributed  by  the  molecular 
motions  which  participate  in  both  the  polarization  and  elastic  processes, f^l  the  increase  in  the 
electrostrictive  coefficient  Q  is  a  result  of  the  increased  elasticity  per  unit  polarization  Change, 
which  can  be  caused  by  lowering  the  energy  barrier  for  the  mechanically  related  segment  motion 
as  reflected  by  the  increase  in  the  elastic  compliance  in  this  temperature  range,  where  the 
dielectric  constant  does  not  show  much  change.  On  the  other  hand,  when  the  electrostrictive 
coefficient  Q  is  examined  as  a  function  of  the  frequency,  it  is  observed  that  Q  measured  at  100  Hz 
is  about  25%  lower  that  measured  at  10  Hz.  The  decrease  of  the  Q  with  frequency  indicates  that 
the  component  of  the  polarization  motions  of  high  frequency  (short  relaxation  time)  does  not 
generate  as  much  strain  in  the  material  and  therefore  it  is  more  like  pure  dielectric.  It  should  be 
mentioned  that  the  relatively  large  data  scatter  in  figures  8  is  due  to  the  fact  that  the  calculated 
results  are  obtained  from  three  sets  of  experimental  data  (  the  dielectric  constant,  the  elastic 
compliance  and  the  electric  field-induced  strain  measurements). 

IV.  Conclusions 


The  temperature  and  frequency  dependence  of  the  electric  field  induced  strain,  dielectric 
and  elastic  properties  show  that  both  the  Maxwell  stress  effect  and  electrostriction  are  important 
to  the  electric  field  induced  strain  of  the  polyurethane  elastomer  investigated.  The  Maxwell  stress 
contribution  increases  markedly  during  the  glass  transition,  along  with  the  sharp  increase  in  the 
elastic  compliance  and  dielectric  constant.  In  spite  of  these  large  changes,  the  non-Maxwell 
contribution  such  as  the  electrostrictive  coefficient  Q  seems  to  be  independent  of  temperature  in 
the  glass  transition  region.  In  addition  to  the  glass  transition,  another  transitional  change  at  about 
75  OC  was  also  observed  in  the  experimental  temperature  range.  The  thftrmai  and  chemical 
strucmral  analysis  such  as  the  DSC,  thermal  expansion  and  FTIR  studies  indicates  that  the 
transition  might  be  related  to  the  molecular  motion  of  the  extenders  in  the  hard  segments. 
Interestingly,  the  electrostrictive  coefficient  Q  exhibits  an  increase  with  temperature  along  with 
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the  elastic  compliance,  while  there  is  only  a  small  change  in  the  dielectric  constant  in  the  same 
temperature  range.  The  experimental  results  show  that  the  two  transitional  phenomena,  which 
are  reflections  of  the  molecular  motions  of  the  soft  segment  and  the  extender  in  hard  segment,  are 
important  for  the  observed  electric  field  induced  strain  of  the  polyurethane  elastomer.  Even 
though  these  transitional  phenomena  can  significantly  increase  the  Maxwell  stress  contribution, 
the  non-Maxwell  stress  contribution  such  as  the  electrostrictive  coefBcient,  which  seems  not 
changing  vwth  temperature  in  the  glass  transition  region,  is  also  important  for  the  field  induced 
strain  of  the  segmented  polyurethane  elastomer.  The  different  behaviors,  observed  in  the  two 
transitional  regions,  of  the  electrostrictive  coefficient,  the  elastic  constant,  and  the  dielectric 
constant  suggest  that  in  this  class  of  the  material,  the  chain  segment  motions  can  he  grouped  into 
those  related  to  polarization,  those  related  to  the  elastic  process,  and  those  related  to  both.  The 
change  in  the  relative  activation  energies  related  to  these  motions  with  temperature  results  in  the 
different  behaviors  in  the  dielectric,  elastic,  and  electrostrictive  coefficient 
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figure  CAFnON: 


Figure  1. 


Figure  2. 


Figure  3. 


Figure  4. 


Figure  5. 


Figure  6. 


X-ray  diffraction  data  of  the  polyurethane  elastomer  at  room  temperature 
where  the  broad  hola  near  20  degree  (20)  is  the  reflection  of  the  amorphous 
phase.  No  crystalline  phase  was  observed  within  the  data  resolution. 

Temperature  dependence  of  (a)  the  electric  field  induced  strain  coefficient, 

R,  (b)  the  dielectric  constant,  K,  and  (c)  the  elastic  compliance,  s,  of  the 
polyurethane  elastomer  (Dow  2105-80AE),  at  10  Hz  and  100  Hz.  The  soUd  line 
are  drawn  to  guide  the  eye. 

Differential  Scanning  Calorimetry  (DSC)  trace  of  the  segmented  polyurethane 
(Dow  21 05-80 AE)  elastomer,  from  25  oC  to  190  °C. 

The  thermal  expansion  measurement  of  the  segmented  polyurethane  elastomer 
exhibits  a  transitional  characteristic  change  in  the  temperature  region  from  50  ^C  to 
100  OQ 


FTIR  spectroscopy  of  the  polyurethane  elastomer  (Dow  2105-80AE)  at  (a)  60  ^C, 
(b)  100  ^C,  (c)  140  °C  and  (d)  180  ®C.  (Absorbency  wavenumber  1: 3448  cm**, 
2:  3327  cm**,  3: 1730  cm'*,  and  4;  1714  cm**). 

Comparison  of  the  temperature  dependence  of  (a)  the  total  electric  field  induced 
strain  coefficient,  Rg,  (filled  circle  for  10  Hz  and  filled  square  for  100  Hz)  and  the 
Maxwell  Stress  contributed  strain  coefficient,  Rjjj,  (open  circle  for  10  Hz  and  open 
square  for  100  Hz),  and  (b)  the  percentage  of  Maxwell  Stress  contribution  to  the 
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Figure  7. 


Figure  8. 


total  strain  coefficient,  at  10  Hz  and  100  Hz.  The  solid  lines  are  drawn  to  guide  the 
eye. 

(a)  The  temperature  dependence  of  non-Maxwell  contribution  to  the  electric  field 
induced  strain  response,  -(Re-Rm),  and  (b)  of  the  percentage  of  the  non-Maxwell 
contribution.  The  solid  lines  and  the  dashed  lines  are  drawn  to  guide  the  eye. 

The  electrostrictive  coefficient,  Q,  as  a  fmction  of  temperature  at  the  measurement 
frequencies  of  10  Hz  and  100  Hz.  The  open  circles  and  open  diamonds  are  data 
points  and  the  solid  line  are  drawn  to  guide  the  eye. 
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Abstract 

Current  research  activity  in  piezoelectric  sensors  and  actuators  is  moving  toward 
resolution  and  higher  power  densities.  Higher  resolution  and  smaller  are  needed  in 
applications  such  as  biomedical  ultrasound,  probes  for  invasive  procedures,  flow  noise 
control,  non-destructive  testing,  and  automotive  instrumentation.  Piezoelectric  transducers 
with  enclosed  hollow  space  offer  several  special  advantages  including  low 
impedance,  reduced  mass,  sensitivity  to  weak  hydrostatic  waves,  and  enlarged  displacements 
through  flextensional  and  rotational  motions. 

This  paper  describes  recent  advances  in  the  processing  and  properties  of  five  types  of 
hollow  piezoelectric  composites  with  connectivity  patterns  of  0(0)-3,  l(0)-3,  2-0-2,  3-1(0) 
and  2(0)-2-2(0).  Piezocomposites  with  hollow  space  included  within  the  structure  clearly 
demonstrate  the  advantages  of  functional  composites  in  the  field  of  smart  systems. 

Keywords:  piezoelectrics,  piezocomposites,  actuators,  hydrophones. 
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1.  INTRODUCTION 

An  dectromechnnicnl  unnsdncer  is  a  device  ttat  convem  mechanical  energy  inm 
eiecnical  energy  and  vice  versa.  In  a  passive  mode,  operating  at  a  low  frequency,  it  can 
tocuon  as  a  hydrophone,  detecting  sound  underwater.  Typical  operadng  ftequencies  lie  in  dm 
low  kilohertz  range;  since  dm  acoustic  wavelengths  in  that  range  am  much  larger  than  the 
transducer,  it  must  tespond  «.  an  isotropic  stress.  Sonar  transducers  ant  quite  large.  For 
ultrasonic  imaging  appUcations.  piezolectric  composites  must  transmit  a  strong  acoustic  pulse, 
and  then  detect  the  weak  echoes  reflected  ftom  the  internal  organ  of  the  human  body.  Typical 
n^iical  ultrasonic  probes  are  a  few  centimeters  in  size  and  operate  in  the  low  megahertz  range. 
Closely  allied  to  medical  ultrasonics  am  the  pulse-echo  acoustic  imaging  system  used  in  non- 
destructive  testing.  These  appUcations  range  from  inspecting  casting  for  internal  flaws  to  the 
processing  of  integrated  circuits.  The  operating  frequencies  extend  to  much  higher  values, 
nearing  gigahertz  in  some  cases.  Another  inmmsting  class  of  pulsemcho  devices  that  requires 
frequencies  down  m  the  mid  kilohertz  range  involves  imaging  through  air.  Typical  examples 
am  autonomous  vehicle  guidance  and  manufacturing  assembly.  When  designing  a  trmBducer 
for  a  particular  application,  the  choice  of  transducer  material  is  ctiticaL  Ideally  the  properties 
include  high  piezoelectric  response  in  both  transmission  and  receiving  modes,  while 
maintaining  low  density  and  high  flexibility. 

Lead  Zitconate  Titanate  ceramic.  PZT.  is  widely  used  as  a  transducer  material  because  of 
iB  high  piezoelectric  coefflcients.  However,  for  hydrophones  appUcations.  PZT  is  a  poor 
material  for  several  reasons.  The  hydrostatic  piezoelectric  coefflcrem.  d,  (=d„+2d„),  is  very 
low.  The  piezoelectric  voltage  coeffidems.  g„  tmd  g..  tue  also  low  beemrse  of  the  high 
constant  of  PZT  (1800).  Moreover,  the  acoustic  matching  of  PZT  with  water  is  poor 
because  of  its  high  density  (7.9  g/cm=).  arts  the  mechanical  properties  leave  much  to  be  desired 
because  it  is  a  brittle,  inflexible  ceramic. 

to  the  last  decade,  a  number  of  investigators  have  fabricared  composites  of  PZT  and 
polymers  to  omrcome  the  aforementioned  problems  of  PZT.  The  manufacmm  of  piezoelectric 
composites  requires  carefol  mpiacemem  of  a  poriion  of  the  ceramic  with  polymer.  Tlus 


repiacemeni  reduces  ihe  acousdc  impedance  of  the  piezoeiecoic  ceramic,  bringing  it  closer  to 
that  of  water  and  the  human  body.  It  has  been  shown  that  it  is  possible  to  improve  upon  the 
piezoelectric  properties  of  homogeneous  PZT  by  the  composite  approach  [1].  The  concept  that 
the  connectivity  of  the  individual  phases  controls  the  resulting  properties  has  been 
demonstrated  in  a  number  of  composites  with  different  geometry  and  different  connectivity 
patterns  of  the  individual  phases.  The  hydrostatic  piezoelectric  properties  of  these  composites 
are  far  superior  to  those  of  single-phase  PZT.  However,  some  of  the  earlier  composites  are 
difficult  to  prepare  and  suffer  a  reduction  in  hydrostatic  sensitivity  with  increasing  pressure. 

Early  investigators  concentrated  on  polymer-ceramic  composites  for  use  as  hydrophones 
[2].  Several  interesting  connectivity  patterns  [3]  were  developed  including  3-3  structures 
made  by  the  repiamine  process  [4]  and  by  the  fugitive  phase  technique  [5,61.  Then  came  the 
more  widely  used  1-3  composites  consisting  of  parallel  PZT  fibers  embedded  in  a  polymer 
matrix.  These  structures  were  made  by  extrusion  [7  ],  by  dicing  [8],  and  more  recendy  by 
injection  molding  and  lithographic  lost-wax  techniques  [9].  The  coupling  between  the  ceramic 
fibers  and  the  polymer  matrix  is  important  [10].  In  optimizing  hydrophone  performance,  the 
djjgjj  product  was  chosen  as  a  figure  of  meriL  The  i-3  composite  increases  effective  values  of 
djj  and  g^  by  reducing  the  d3i  piezoelectric  coefficient  and  the  dielectric  constant  while 
maintaming  the  large  d33  coefficient. 

The  usefulness  of  the  1-3  composite  in  high  frequency  applications  for  non-destructive 
testing  and  med^f^l  diagnostics  was  recognized  later  [1-14].  Biomedical  transducers  require 
resonant  frequencies  in  the  1-10  MHz  range,  high  electromechamcal  coupling  coefficients, 
low  acousdc  impedance,  and  broad  bandwidth.  The  1-3  transducers  manufactured  by  Siemens 
[9]  have  resonances  of  5-10  MHz,  coupling  coefficient  kt*0.67,  K=600,  tan  8< 

0.025,  and  a  mechanical  Q  of  about  10.  Other  variants  on  the  basic  1-3  stracture  include  the  1- 
2-3  composite  with  transverre  load  bearing  fibers  [14],  and  the  1-3-0  composite  with  a 
foamed  polymer  matrix  [15],  and  the  interesting  woven  fiber  composites  devised  by  Safan 
and  co-workers  [16-18]. 
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Perhaps  the  simplest  piezoelectric  composite  is  the  0-3  transducer  made  by  dispersing 
ceramic  particles  in  a  polymer  matrix  [19].  The  NTK  Piezo-Rubber  films  and  cables  arc  used 
as  flexible  hydrophones,  keyboards,  blood  pressure  cuffs,  and  musical  instruments.  They  are 
made  by  hot-rolling  PbTi03/PZr  ceramic  powder  ntixtures  into  a  chloroprene  rubber  matrix 
[19-20],  New  piezoelectric  raecharucal  dampers  have  been  produced  using  composites  of 
piezoelectric-polymer-carbon  black  [21],  Damping  characteristics  are  controUable  by  changing 

the  conductivity  through  the  carbon  black  concentration. 

It  was  demonstrated  by  Safari  [22]  that  based  on  the  theory  of  connectivity,  new 
composites  with  different  connectivity  patterns  could  be  fabricated  with  enhanced 
performance.  Most  of  the  work  involved  composites  with  3-1  and  3-2  connectivity.  These 
composites  were  prepared  by  drilling  either  circular  or  square  holes  in  prepoled  PZT  blocks, 
in  a  direction  perpendicular  to  the  poled  axis,  and  by  filling  the  drilled  holes  with  epoxy.  On 
the  samples  optimized  for  hydrophone  performance,  the  gh  and  d^gh  coefficients  were  about  4 
and  40  times  greater,  respectively,  for  the  3-1  composites;  and  25  and  150  times  greater  for 
the  3-2  composites  compared  to  those  of  soHd  PZT.  For  3-1  composites,  there  was  practically 
no  variation  of  gb  with  pressure  up  to  8.4  MPa.  In  the  case  of  3-2  composites,  there  was  a 
slight  variation  of  gh  with  pressure. 

A  new  type  of  2-2  piezoelectric  ceramic  polymer  composite  operated  at  the  transverse 
piezoelectric  mode  has  e.xceptionally  high  hydrostatic  response,  high  reUabUity,  and  can  made 
at  low  cost  [23].  This  type  of  composite  made  of  PZT  plates  in  a  soft  polymer  matrix  with 
elastically  unidirectional  face  plates  yield  effective  hydrostatic  piezoelectric  coefficient  d^  of 
6,000  pC/N  and  hydrostatic  figure  of  merit  d^gh  higher  than  30,000  10  mVN. 

There  still  exists  a  need  to  further  improve  the  piezoelectric  properties  of  these  composites. 
A  primary  goal  is  to  reproducibly  fabricate  composite  transducers  with  high  figures  of  merit 
and  pressure  sensitivity,  under  hydrostatic  loading,  for  hydrophone  appUcations.  On 

the  other  hand,  there  is  also  a  need  of  new  systems  that  can  afford  more  complex  functions 
,-OTphining  sensing  and  actuating  capabilities.  This  paper  tewievs  recent  advances  in  the 
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processing  and  properties  of  different  connecdvity  pattern  composites  based  on  the  idea  of 
hollow  space  within  the  structure. 


2.  HOLLOW  PIEZOCOMPOSrrES 

Current  research  on  piezoelectric  sensors  and  actuators  is  moving  toward  miniaturized 
devices  to  achieve  better  resoludon  and  higher  power  densides.  High  resoludon  and  small 
sizes  are  needed  in  applicadons  such  as  biomedical  ultrasound,  ultrasonics,  probes  for 
invasive  procedures,  flow  noise  control,  nondestructive  testing  of  composites,  and  automodve 
instrumentadoiL  Higher  frequencies  and  better  impedance  matching  are  specially  ^vantageous 
in  underwater  transducers  and  biomedical  ultrasonics.  The  introducdon  of  open  space  in 
piezocomposites  meets  both  of  these  criteria.  In  most  of  the  cases,  careful  design  of 
piezocomposites  with  open  spaces  leads  to  the  development  of  reliable,  robust,  low  cost 
transducers  vdth  improved  piezoelectric  properties.  Table  I  summarizes  recent  trends  in  the 
design  of  piezocomposites  with  open  spaces. 

Perhaps,  the  first  hollow  piezoelectric  composite  were  piezoelectric  tings,  ting  stacks  and 
tubes,  thin  wall  or  stripe  elecroded.  In  that  cases  the  hoUow  space  allows  reducdon  of  the 
piezoelectric  radial  mode.  At  the  same  time,  these  structures  permit  the  introduction  of  a  stress 
bolL  This  basic  configuration  is  common  to  tunable  transducers  [24],  active  vibration  control 
devices  [25]  and  ultrasonic  motors  [26].  Another  hollow  piezoelectric  family  are  the  etched 
PZTs[27],  in  which  hollow  spiral  patterns  eliminate  radial  modes.  Etched  piezoelectric  are 
utilized  at  higher  frequencies  for  biomedical  ultrasound  diagnosis.  Hollow  piezoelecttic 
composites  possess  many  of  the  advantages  of  other  composites  and  make  possible  the 
reduction  of  undesirable  modes  of  vibration  and  most  important,  act  as  an  amplifiers  of  the 
sensing  and  actuating  characteristics  of  ceramics.  Metals  and  epoxies  contdbute  to  the 
amplification  factor  by  different  mechaiusms  depending  on  the  design. 
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3.  BB  TRANSDUCERS 

BBs  arc  hollow  spherical  transducers  a  few  miUimeiers  in  diameter,  about  the  same  size  as 
the  metallic  used  in  air  rifles  (BB  guns).  PZT  BBs  are  mass  produced,  by  a  patented 
forming  process  in  which  air  is  blown  through  a  PZT  slurry  of  carefully  controlled  viscosity 
[28).  The  hollow  spheres  are  1-6  mm  in  diameter  with  wall  thickness  of  0.1  mm.  Densities  arc 
about  1.3  g/cm^  giving  the  BB  a  low  acoustic  impedance  close  to  that  of  water  and  human 
tissue. 

Two  poling  configurations  were  investigated  (figure  1):  radial  poling  and  external  top-to- 
bottom  poling.  Electroding  the  inside  of  the  sphere  was  necessary  to  pole  in  the  radial 
direction.  A  circular  hole  was  drilled  in  the  wall  such  that  silver  electrode  could  be  injected  into 
the  sphere.  The  outside  surface  was  also  electroded,  leaving  a  small,  uncoated  region  around 
the  hole.  The  two  principal  vibration  modes  associated  with  this  configuradon  were  a 
volumetric  expansion  mode  or  breathing  mode  and  a  wall  thickness  mode  at  much  higher 
frequency.  Top-to-bottom  poling  was  accomplished  using  silver  caps  on  opposite  sides  of  die 
sphere,  figure  IB.  The  principal  mode  of  vibration  was  the  distortion  of  the  sphere  to  an 
ellipsoidal  shape. 

When  electroded  inside  and  out,  and  poled  radially  the  BB  becomes  an  omnidirectional 
transducer  suitable  for  underwater  or  biomedical  applications.  For  spheres  with  a  2.6  mm 
diameter  and  90  ^im  thick  walls,  the  resonant  frequencies  are  700  kHz  for  the  breathing  mode 

(dj,)  and  10  MHz  for  the  wail  thickness  mode  (d,,)  [29]. 

When  in  a  polymer  matrix  to  form  a  0-3  composite  the  BB  spheres  are 

surprisingly  strong,  and  able  to  withstand  large  hydrostatic  pressure  without  collapse.  Close- 
packed  transducer  arrays  are  easily  assembled  [29].  Hydrostatic  piezoelectric  coefficients  well 

in  excess  of  1000  pC/N  have  been  measured. 

BBs  are  small  enough  to  be  used  in  catheters  for  non-invasive  surgery  to  act  as  beacons, 
sensors,  and  actuators  [30].  More  than  a  million  such  procedures  are  now  carried  out  annuaUy 
in  the  United  States. 
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4.  P2T  MACARONI 

Poling  is  sometimes  difficult  for  the  long,  slender  PZT  fibers  used  in  1-3  composites. 
Electric  breakdown  often  occurs  before  poling  is  complete,  and  the  transducer  is  ruined. 
Lower  poling  and  driving  fields  are  obtained  when  the  spaghetti-like  PZT  fibers  are  replaced 
with  macaroni-like  PZT  tubules  [31].  When  electroded  inside  and  outside,  the  thin-walled 
tubes  are  poled  and  driven  radially  at  relatively  modest  voltages  (figure  2).  The  effective 
piezoelectric  constant  in  the  radial  direction  can  be  tuned  to  positive,  zero,  and  negative 
values  by  varying  the  ratio  of  the  outer  radius  (R)  to  the  inner  radius  (r)  of  the  tube.  For  a 
suitable  ratio  of  R/r,  this  effective  constant  can  also  be  adjusted  in  sign  and  magnitude  with  a 
DC  bias  field  for  tubes  made  of  electrostrictive  materials  [31].  Endcapped  thin  wall  tubes 
(figure  2)  also  exhibit  exceptionally  high  hydrostatic  response  with  an  effective  d^  coefBcient 
of  -14,(X)0  pCVN  and  effective  figure  of  merit  d^g^  higher  than  lO.CKX)  10*‘*  m’/N. 

For  large  area  applications,  these  tubes  can  be  readily  integrated  into  a  1-3  composite 
structure  to  provide  low  acoustic  impedance  and  high  piezoelectric  activity.  Acoustic 
transmitters  requiring  large  uniaxial  strains  utilize  the  djj  constant  of  transverse  piezoelectric 
mode  composites.  The  effective  d,,  is  proportional  to  the  dimensional  amplification  factor, 
L/(R-r)  where  L  is  the  length  of  the  tube.  A  d^,  constant  of  -10,0(X)  pC/N  [32]  about  16  times 
greater  than  that  of  a  conventional  PZT  ceramic,  has  been  obtained  for  1-3  tubular  composites 
with  R=1.27  mm,  r=0.76  mm  and  L=13.5  mm. 

A  difierent  approach  to  the  1-3  composites  was  recently  reported  [33]  and  consist  of  PZT 
rods  coveted  by  compliant  soft  epoxy  sandwiched  between  stiffnes  polycarbonate  sheets 
machined  to  give  grooves.  The  PZT  rods  extend  beyond  the  polymer  matrix  and  were  capped 
with  flat  cover.  This  structure  generates  an  air  cavity.  The  figure  of  merit  is  22,460  10*‘* 
mVN,  about  six  times  larger  than  -similar  configurations  without  cavities.  This  composite, 
however,  showed  instability  under  steady  state  hydrostatic  preassure,  but  the  approach 
suggested  new  designs  for  tubular  1-3(0)  piezocomposites  with  improved  properties. 
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5.  ZIG*  ZAGs. 

Zig-zag  actuators  are  split  bimorphs  in  which  two  ceramic  legs  are  driven  independently  to 
generate  synchronized  horizontal  and  vertical  displacements.  The  legs  are  joined  in  a  teepee¬ 
like  configuration  which  imparts  a  rolling  motion  to  the  load.  Typical  motions  are  in  the  1-30 
|im  range  and  look  to  be  useful  in  piezomotor  and  conveyor  belt  applications  because  of  the 
ability  to  drive  a  load  in  two  directions  [34],  TTie  required  motion  for  a  linear  motor  can  be 
achieved  by  driving  one  leg  with  a  sine  wave  and  the  other  leg  with  a  sine  wave  tath  is  90^  out 
of  phase.  If  the  second  leg  is  90®  ahead  of  the  first,  the  resulting  motion  will  be  clockwise,  and 
moves  the  load  from  right  to  left.  If  the  second  leg  is  90®  behind  the  first,  the  resulting  motion 
will  be  counterclockwise  and  the  load  will  be  moved  from  left  to  tight  A  schematic  view  of 
the  resulting  motion  when  the  actuator  is  driven  in  this  manner  is  shown  in  figure  3.  The 
impedance  can  be  optimized  by  changing  the  angle  between  the  legs,  and  the 
actuator's  working  parameter  controlled  by  changing  the  driving  voltage  and  frequency. 

6.  HONEYCOMB  CERAMIC  COMPOSITES 

The  ba'gig  structure  of  this  composite  is  schematically  illustrated  in  figure  4,  where  the 
ceramic  is  poled  perpendicular  to  the  z-direction  as  intficated  [35].  The  transducer  is  operated 
in  the  transverse  piezoelectric  mode  (TP).  It  should  be  mentioned  that  two  types  of 
honeycomb  composite  transducers  were  investigated  earlier  [36-37].  The  earlier  honeycomb 
transducers  were  operated  in  the  longimdinal  piezoelectric  mode.  Due  to  the  liimtations  of  this 
mode,  the  effective  hydrostatic  piezoelectric  response  of  the  earlier  honeycomb  composite 
ate  an  order  of  magnitude  smaller  than  that  of  the  TP  honeycomb  transducers.  An 
endcapped  honeycomb  structure  was  made  by  placing  thin  layers  of  epoxy  over  the  two  rads 
to  block  the  openings.  When  this  endcapped  honeycomb  is  subjected  to  hydrostatic  pressure, 
the  d33  response  is  eliminated  and  the  piezoelectric  response  comes  from  the  d3j  component  of 
the  piezoelectric.  This  is  due  to  fact  that  the  stress  component  perpendicular  to  the  wall  is  zero 
because  the  interior  is  filled  with  air.  The  stress  field  in  the  x-,  y-  and  z-directions  induces 
three  d3,  responses  in  the  corresponding  ceramic  plates.  Exceptionally  high  hydrostatic 
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piczoclcctiic  dji  values  up  lo  -4,700  pC/N  were  obtained.  One  ot  the  biggest  advantages  of 
such  a  composite  is  the  extrusion  process  that  permits  the  development  of  complex  geometries 
by  a  cost  effective  procedure. 

7.  MOONIES  AND  CYMBALS. 

In  recent  years,  piezoelectric  and  electrostrictive  ceramics  have  been  used  in  many  actuator 
applications.  To  meet  these  needs  a  new  type  of  composite  actuator  based  on  a  flextensioruil 
transducer  has  been  developed  [38-42].  This  ceramic-metal  composite  actuator,  or  “moonie”, 
consists  of  either  a  piezoelectric  ceramic  disc  or  a  multilayer  stack,  sandwiched  between  two 
specially  designed  metal  end  caps.  The  basic  configuration  of  the  moonie  is  shown  in  figure  5, 
The  metal  endcaps  serve  as  mechanical  transformers  for  converting  and  amplifying  the  lateral 
motion  of  the  ceramic  into  a  large  axial  displacement  normal  to  the  end  caps.  Both  the  d3( 
(sdjj)  and  djj  coefficients  of  the  piezoelectric  ceramic  contribute  to  the  axial  displacement  of 
the  composite.  Figure  6  shows  the  enhanced  displacement  of  the  moonie  actuator  compared  to 
of  a  P2rr  ceramic.  This  design  provides  a  sizable  displacement,  as  well  as  a  large 
generadve  force.  In  other  words,  it  bridges  the  gap  between  the  two  most  common  fypes  of 
actuators,  the  multilayer  and  the  bimorph  [43].  The  shallow  spaces  under  the  end  caps 
produce  a  substantial  increase  in  strain  by  combining  the  d33  and  d3i  coefficients  of  the 
ceramic.  It  is  attractive  for  hydrophone,  transceiver  and  actuator  applications,  and  is  especially 
advantageous  for  use  as  a  non-resonant.  low  frequency  projector  in  deep  water. 

Hydrophone  sensitivity  depends  on  d^,  the  hydrostatic  piezoelectric  charge  coefficient,  and 
g^,  the  hydrostatic  piezoelectric  voltage  coefficienL  The  moonie  transducer  was  introduced  as 
a  hydrophone  having  the  highest  figure  of  merit,  d^  g^  =  50,000  x  10'‘’  m*/N  [44],  about  500 
umRM  larger  than  the  uncapped  PZT  ceramic.  The  mooiue  also  possesses  high  capacitance  and 
excellent  pressure  tolerance.  The  stress  distribution  within  the  moonie  hydrophone  under  a 
hydrostatic  pressure  was  detemuned  using  Finite  Element  Analysis.  Extensional  stresses 
along  the  radial  and  tangential  directions  are  generated  under  a  hydrostatic  pressure,  and 
contribute  significantly  to  the  very  high  figure  of  merit  of  the  mooiue. 
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In  addition  to  this,  the  effect  on  prestresses  caused  by  thermal  treatment  of  the  moome 
were  also  estimated.  The  maximum  stress  concentration  reached  several  hundred  MPa. 
Compressive  stresses  of  300  MPa  are  generated  along  the  radial  direcdon  at  the  inner  bondmg 
edge,  and  400  MPa  extensive  stresses  occur  in  the  cavity  near  the  top  of  the  endcap. 

The  combined  effect  of  high  hydrostatic  pressure  (7  MPa  corresponding  to  a  700  m  water 
depth),  and  thermal  processes  were  also  estimated.  Even  7  MPa  hydrostatic  pressure  causes 
Utde  deformation  to  the  moonie  hydrophone  because  the  effect  of  relatively  large  prestress 
pressures  exceed  those  of  the  hydrostatic  environmenL  This  is  one  of  the  reasons  that  the 

moonie  hydrophone  has  high  pressure  tolerance. 

.to  have  very  high  effective  coefficienis  dependmg  on  Ite  seomeay- 

EHecmre  d„  coefficient  as  large  as  13,000  pON  were  obtained  with  brass  caps  0.3  nan 
thick,  botthevaloedecreasesrapidly  toward  the  edge  of  the  transducer.  This  is  appronmately 
thirty  times  higher  than  the  d„  of  a  PZr-5A  ceramic.  The  characteristics  of  the  moonie 
actuator  depend  maricedly  on  both  the  geometry  and  the  choice  of  materials.  Among  the 

e - -  parameters,  caviry  diameter,  cavity  depth,  and  cap  thickness  ate  the  main  parameters 

which  control  Ore  displacement  of  a  moonie  actuator.  An  applied  1  kVAnm  electric  fidd 
produces  a  displacement  of  22  pm  at  the  center  of  a  carefully  designed  brass-capped  moonie 
I, - By  stacking  two  identioal  single  moonies  with  these  dimensions,  the  double  stacked 

moonie  actuator  produces  a  40  |iin  displaceraenu  (figure  6). 

the  generative  force  of  the  moonie  was  measured  espetimentally  and  calculated  by  FEA. 
The  mammura  force  (30  N)  at  the  effective  working  area  of  3  mm2  agrees  with  that 

obtained  by  the  extrapolation  of  the  experimental  data. 

For  actuators,  however,  the  stress  concentration  on  the  brass  endcap  just  above  the 
bonding  Uyer  reduces  the  e&ctive  fotce  transfer  ftom  the  PZT  to  the  cap.  It  is  possible  to 
part  of  the  stress  concentration  by  removing  a  portion  of  the  endcap  just  above  the 
bonding  region  where  the  maximum  stress  concentiaiion  is  observed.  An  enbancemem  in 
properties  has  been  obtained  by  inttoduoing  a  ring  shaped  groove  on  the  exterior  of  the  end 
caps  (441.  The  largest  displacement  was  achieved  when  the  groove  was  positioned  above  the 


10 


bonding  layer.  The  deeper  and  wider  the  groove,  the  higher  the  displacement.  Since  the  stress 
concentrates  at  the  groove  edges,  this  becomes  a  potential  source  of  fatigue  and  may 
eventually  produce  failure  under  long  term  usage. 

The  effea  of  cavity  diameter  on  the  piezoelectric  coefficient  of  raoonie  transducers  with 
different  cavity  depths  is  shown  in  figure  7  and  8  [45].  The  effective  piezoelectric  coefficient 
with  increasing  the  cavity  diameter  and  cavity  depth.  After  a  certain  cavity  depth,  the 
cavity  does  not  transfer  the  applied  stress  to  the  ceramic  efficiently. 

Figure  9  shows  the  fatigue  test  of  a  moonie  acmator  with  different  end  cap  thicknesses 
under  a  high  cycUc  electric  field  (  IkV/ram,  100  Hz)  [45].  Experiments  were  carried  out  at 
room  temperature  with  no  load.  After  cycling  10^  times,  a  deviation  in  displacement  of  only  ± 
0.8%  was  observed.  The  reason  for  the  deviation  is  probably  due  to  the  effect  of 
environmental  temperature  change  on  the  bonding  layer.  Before  and  after  the  cycling  test  the 
admittance  spectra  of  the  actuators  were  recorded  with  no  significant  changes.  The  resonant 
and  anti-resonant  frequencies  as  well  as  their  peak  amplitudes  were  the  same  as  the  oripnal 
values  observed  before  the  fatigue  test 

A  modified  moonie  with  “cymbal”  shaped  endcaps  has  recently  been  developed  [45-46], 
figure  10.  The  endcaps  are  fabricated  by  punching  metal  sheets.  The  cymbal  design  removed 
most  of  the  region  with  stress  concentration,  and  yields  higher  and  more  reproducible 
displacements.  Even  though  this  new  design  looks  similar  to  the  earlier  moonie  desigrt  it  has 
a  riiffirpnt  displacement  mechanism.  Displacement  is  primarily  a  result  of  flexural  motion  of 
moonie  endcaps.  For  the  cymbal,  the  displacement  is  created  by  the  combination  of  flexural 
and  rotational  motion  of  the  endcaps.  Figure  11  shows  the  displacement  values  and  the 
position  dependence  of  the  different  endcap  designs  with  fixed  cavity  depth  (0.2  mm)  and 
cavity  rfiamfitar  (0.9  mm).  The  cymbal  actuator  generated  a  40  lim  displacement  which  is 
about  twice  the  moonie  displacementBecause  of  its  flexural  nature,  the  displacement  of  the 
moonie  actuator  is  highly  dependent  on  position.  Displacement  decreases  dramatically  away 
from  the  center  of  the  endcap,  where  the  maximum  displacement  is  observed,  at  the  edgeof  the 
moonie  actuator  the  displacement  is  equal  to  that  of  the  PZT.  A  moonie  with  grooved  endcaps 
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show  significantly  less  position  dependence  of  displacement.  The  cymbal  actuator  exhibits  a 
more  uniform  displacement  over  a  wide  section  about  4  mm  in  diameter  at  the  center  of  the 
endcap.  The  large  flat  contact  surface  of  the  new  endcap  design  makes  it  more  practical  to 
stack  the  individual  actuators  together  to  achieve  higher  displacement  Additionally,  the  new 
muitistacked  cymbal  structure  is  more  stable  under  uniaxial  external  loading.  This  actuator 
consists  of  five  elements,  12.7  ram  in  diameter.  10  mm  total  thickness,  and  exhibits  a 

displacement  of  175  |im. 

Properties  and  performance  of  ceramic-metal  composites  such  as  the  moonie  and  cymbal 
can  be  tailored  through  geometrical  design  and  material  selection  [47].  Because  of  their  large 
displacement  and  charge,  moonie  and  cymbal  composites  show  great  potential  for  several 
appUcations  [44^9],  including  hydrophone  sensors  with  figure  of  merit  higher  than  100,000 
10*‘"  m=/N,  transceivers  for  fish  finders,  positional  acmators  and  highly  sensitive 

accelerometers  [49]. 


8.  SMART  MATERIALS 

Smart  materials  [50]  have  the  abUity  to  perform  both  sensing  and  actuating  functions. 
Passively  smart  materials  respond  to  external  change  in  a  useful  manner  without  assistance, 
whereas  actively  smart  materials  have  a  feedback  loop  which  allows  them  to  both  recognize 
the  change  through  an  actuator  circuiL  Many  smart  materials  arc  analogous  to  biological 
systems;  the  piezoelectric  hydrophones  described  earlier  are  similar  to  the  thin  fibers  and  air 
bladders  by  which  a  fish  senses  vibrations.  Kezoelectrics  with  etectromechanical  coupling, 
shape  memory  materials  that  can  “remember^*  their  original  shape,  electrorheological  fluids 
with  adjustable  viscosities,  and  chemical  sensors  which  aa  as  synthetic  equivalents  to  the 
human  nose  arc  examples  of  smart  electroceramics.  “Very  smart  materials,  in  addition  to 
sensing  and  actuating,  have  the  ability  to  “learn”  by  altering  their  property  coefficients  in 
response  to  the  envhonmenL  Integration  of  these  different  technologies  into  compact, 
multifunction  packages  is  the  ultimate  goal  of  research  in  the  area  of  smart  matenals.  Hollow 
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piezoelectric  composites  introduce  new  tools  in  the  search  of  smart  and  very  smart  materials. 
Thepossibility  of  integrating  piezoelectric  composites  with  open  space  intoduces  another 
family  of  sensors  and  actuators  with  complex  functions.  Substantial  progress  in  this  field  will 
occur  during  the  coming  decades. 

A  new  vibration  control  device  based  on  the  raoonie  actuator  has  been  developed  by 
Tressler  [51],  figure  12.  The  actuator  portion  of  the  device  consist  of  the  standard  (11  ram 
diameter,  2  mm  thick)  moonie,  with  a  small  piezoelectric  ceramic  embedded  in  the  upper  end 
cap  to  serve  as  a  sensor  (0.1  ram  thick).  This  prototype  sensor/actuator  piezocomposite  is 
capable  of  detecting  and  suppressing  in  real  time,  small  vibration  displacements  (<  1  ]im), 
with  low  force  (<  100  gf).  The  dynamic  frequency  range  of  the  device  spans  from  100  Hz  to 
at  least  2500  Hz.  The  sensor  detects  sinusoidal  vibrations  normal  to  the  actuator  surface,  via  a 
feedback  loop,  and  sends  a  signal  of  appropiate  amplitude  tuid  phase  shift  to  the  actuator  so 
that  it  effectively  cancel  is  the  external  vibration.  Potential  aplications  for  this  device  include 
active  optical  systems,  rotor  suspension  systems,  and  other  low  level  vibration  suppression 
devices 
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TABLE I 

New  trends  in  piezocomposite  design  with  open  spaces 
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FIGURE  CAPTIONS  -  .  .  .  . 

Figure  i  Electrode  design  for  (A)  the  radial  poling  coniigurauon  showing  the  small  uncoated 

png  used  to  separate  the  inner  and  the  outside  electrode,  and  (B)  the  electrode 
configurtion  for  top-to-bottom  poling.  Shaded  areas  represent  the  air-dry  silver 
coating. 

Figure  2  Schematic  of  capped  l(0)-3  piezocomposite  configuration  showing  a  single  PZT  tube 
poled  radially. 

Figure  3  Schemadc  view  of  the  Zig-Zag  Actuator  motion  being  driven  by  sine  and  cosiro 
waves. 

Hgure  4  Schematic  drawing  of  a  honeycomb  ceramic  structure.  Poling  direcdons  are  intficated 
in  the  insen  of  the  figure.  Notice  the  difference  in  the  poling  directions  between 
neighboring  cells. 

Figure  5.  The  geometry  of  the  ceramic-metal  composite  actuator  "Moonie".  The  arrows 
describe  the  displacement  directions  when  the  moonie  is  driven  by  a  field  parallel  to 
the  poling  direction  of  the  ceramic. 

Hgure  6.  The  displacement  characteristics  of  the  moonie  actuator  as  a  function  of  the  applied 
electric  field.  Dimensions:  dn=12.7,  dp=12.7,  dc=9.0,  hs=0.2,  tp~1.0,  tai^3  (all 
in  mm). 

Hgure  7.  Effect  of  cavity  diameter  and  cavity  depth  on  the  effective  piezoelectric  coefScient  of 
the  moonie.  Dimensions:dni=12.7,  dp=12.7,  tp=1.0  (all  in  mm). 

Hgure  8.  Effect  of  End  cap  thickness  on  the  effective  piezoelectric  coefficient  of  the  moonie. 
Dimensions:dni=12.7,  dpsl2.7,  dc*9.0,  tpsl.O  (all  in  mm). 

Hgure  9.  Fatigue  characteristics  of  the  moonie  actuators. 

Hgure  10.  The  geometry  of  the  ceramic-metal  composite  actuator  "CymbaT’.The  arrows 
describe  the  displacement  directions  when  the  moonie  is  driven  by  a  field  parallel  to 
the  poling  directiori  of  the  ceramic. 

Hgure  1 1.  The  position  dependence  of  displacement  for  different  endcap  designs. 

Hgure  12.  Integrated  seiisor  and  actuator  for  active  vibration  control. 
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ABSTRACT 

Current  research  activity  on  piezoelectric  sensors  and  actuators  is  moving  toward  achieve 
better  resolution  and  higher  power  densities.  High  resolution  and  small  sizes  are  needed  in 
applications  such  a  biomedical  ultrasound,  probes  for  invasive  procedures,  flow  noise  control, 
non -destructive  testing,  and  automotive  instrumentation.  F^ezoelectric  transducers  with 
enclosed  hollow  space  offer  several  special  advantages  including  low  acoustic  impedance, 
reduced  mass,  sensitivity  to  weak  hydrostatic  waves,  and  enlarged  displacements  through 
flextensional  and  rotational  motions. 

This  paper  describes  recent  advances  in  the  processing  and  properties  of  five  types  of 
hollow  transducers  based  on  composites  with  connectivity  patterns  of  0(0)-3,  l(0)-3,  2(0)-2- 
2  and  2-0-2.  Piezocomposiies  with  hollow  space  included  within  the  structure  deafly 
demonstrate  the  advantages  of  functional  composites  in  the  field  of  smart  systems. 


1.  INTRODUCTION 

PZT  is  widely  used  as  a  transducer  material  because  of  its  high  piezoelectric  coefficients. 
However,  for  hydrophones  applications,  PZT  is  a  poor  materid  for  several  reasons.  The 
hydrosude  piezoelectric  coefficienu  d^  (=d,j+2d,,).  is  very  low.  The  piezoelectric  voltage 
coefficients,  gjj  and  g„.  are  also  low  because  of  the  high  dielectric  consul  of  PZT  (1800). 
Moreover,  the  acoustic  matching  of  PZT  with  water  is  poor  because  of  its  high  density  (7 .9 
g/cm*),  ans  the  mechanical  properties  leave  much  to  be  desired  because  it  is  a  brittle, 
unflexible  ceramic. 

In  the  last  decade,  a  number  of  investigators  have  fabricated  composites  of  FZT  and 
polymers  to  overcome  the  aforementioned  problems  of  PCT  [1-7].  The  manufacture  of 
piezoelectric  composites  requires  careful  replacement  of  a  portion  of  the  ceramic  with  polymer. 
This  replacement  reduce  the  acoustic  impedance  of  the  piezoelectric  ceramic,  bringing  it  closer 
to  that  of  water  and  the  human  body.  It  has  been  shown  that  it  is  possible  to  improve  upon  the 
piezoelectric  properties  of  homogeneous  PZT  by  the  composite  approach  [8].  The  concept  that 
the  connectivity  of  the  individual  phases  controls  the  resulting  properties  has  been 
demonstrated  in  a  number  of  composites  with  diflerent  geometry  and  different  connectivity 
patterns  of  the  individual  phases.  The  hydrostatic  piezoelectric  properties  of  these  composites 
are  far  superior  to  those  of  single-phase  PZT.  However,  some  of  ^  earlier  composites  are 
tr>  r>ror<?»rp  and  «;nffer  3  reduction  in  hvdrostatic  sensitivity  with  increasing  pressure 
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Thus,  there  still  exists  a  need  for  further  improvement  in  the  piezoelectric  properties  of  these 
composites. 


2.  HOLLOW  PEZOCOMPOSITES 

Current  research  on  piezoelectric  sensors  and  actuators  is  moving  toward  miniaturized 
devices  to  achieve  better  resolution  and  higher  power  densities.  High  resolution  and  small 
sizes  are  needed  in  applications  such  as  biomedical  ultrasound,  ultrasonics,  probes  for 
invasive  procedures,  flow  noise  control,  nondestructive  testing  evaluation  of  composites,  and 
automotive  instrumentation.  Higher  frequencies  and  better  imped^ce  matching  are 
advantageous  in  underwater  transducers  and  biomedical  ultrasonics.  The  introduction  of  open 
space  in  piezocomposites  meets  both  of  these  criteria.  In  most  of  the  cases,  careful  design  of 
piezocomposites  with  open  spaces  leads  to  the  development  of  reliable,  robust,  low  cost 
transducers  with  improved  piezoelectric  properties.  Table  I  summarizes  recent  trends  in  the 
design  of  piezocomposites  with  open  spaces. 


TABLE I 

New  trends  in  piezocom.posite  design  with  open  spaces 


1  Previous  I 

New  design  I 

WmBSSmM 

Type 

Name 

Connectivity 

pattern 

Type 

Name 

Piezorubber 

BBs 

n 

llllljlll 

HUHi 

RS3SSS3Hlllill 

PZT  macarom 

3-1 

PZT  with 

drilled  holes 

miiii 

PZT 

honeycomb 

skeleton 

2-2 

PZT  bimorph 

2-i 

PZT  actuator 

3,  BBS  TRANSDUCERS 

BBs  are  hollow  spherical  uansducers  a  few  millimeters  in  diameter,  about  the  same  size  as 
the  metallic  pellets  used  in  air  rifles  (BB  guns).  PZT  BBs  are  mass  produced,  by  a  patented 
forming  process  in  which  air  is  blown  through  a  P2T  slurry  of  carefully  controlled  vi^osity 
19).  The  hollow  spheres  are  1-6  mm  in  diameter  with  wall  thickness  of  0.1  mm.  Densities  are 
about  1.3  g/cm*  giving  the  BB  a  low  acoustic  impedance  close  to  that  of  water  and  human 
tissue. 

When  embedded  in  a  polymer  matrix  to  form  a  0-3  composite  the  BB  spheres  are 
surprisingly  strong,  and  able  to  withstand  large  hydrostatic  pressure  without  collapse.  Close- 
packed  transducer  arrays  are  easily  assembled  [10].  Hydrostatioc  piuezoelectric  coeffiucients 
well  in  excess  of  1000  pC/N  have  been  measured 

When  electroded  inside  and  out,  and  poled  radially  the  BB  becomes  an  omnidirectional 
transducer  suitable  for  underwater  or  biomedical  applications.  For  spheres  with  a  2.6  mm 
diameter  and  90  urn  thick  wails,  the  resonant  freouencies  are  700  kHz  for  the  breathing  mode 
/JN  in  tViirViTPs^  TTiode  rd)  nOl  BB’s  are  small  enough  to  be  in 
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4.PZT  MACARONI 

PolioE  is  soroclimes  difficull  for  ihe  long,  slender  PZT  fibers  used  in  1-3  composes. 
Plectric  breakdown  often  occurs  before  poling  is  complete,  and  ihctransduccr  is  rui  e  . 
Lower  poling  and  driving  fields  are  obtained  when  the  spaghciu-hke  PZT  fibere  arc 
w?rmKni.like  PZT  tubules  112).  When  electroded  ins.de  and  outs.de.  the  ih.n-walled 
tubes  are  poled  and  driven  radially  at  relatively  modest  vol  rages.  The  eifccuve  piezoelatnc 
co^t^b  Ae  radial  direction  can  be  tun«^  posiuve.  zero,  and  negative  varies  by  varying 
rSTo  Sf  the  outer  radius  (R)  to  the  inner  radius  (r)  of  the  tube  For  a  sm^le  rauo  of  Wr 
this  efiective  constant  can  also  be  adjusted  in  sign  and  magni.tude  with  a  ^  bi^ 
made  o?  eStrostrictive  materials  (121.  Endcapi^d  Ain 
cxceotionallv  high  hydrostatic  response  with  effective  d„  coefficient  of  -14.000  pC/N  ^d 
efSS/e  figure  If  merit.  <Lg,.  higher  Aan  10  '‘  m*/N.  For  large  area  applicauons,  these  lu^ 
can  be  readily  integrated  into  1-3  composite  structure  to  provide  low  acousuc  density  and  high 
piezoelectric  activity. 


5.  ZIG-  ZAGS 

Zie-zae  actuators  arc  spUt  bimoiphs  in  which  two  ceramic  tegs  are  dnven  inifc|«ttdcndy  to 
eenerare  synchronized  horizontal  and  vertical  displacements.  Tlte  tegs  are  jotned  tn  a  leq« 
Le  confieuration  which  imparts  a  roiling  motion  to  the  load.  Typtc^  tnouons  are  tn  the  1-3 
l^StM  to  S  oSul  in  piezomotor  and  conveyor  belt  apphcaoons  due  to  the  abtliv 

md^aloadto  two  direction  (13).  The  mechanical  impedance  can  be  opttmi^  by 
St^gmg  thf^te  legs.  Ltd  the  actuators  working  paramerer  controlled  by 

changing  Ae  drivAg  voltage  and  frequency. 

6.  HONEYCOMB  CERAMIC  COMPOSITES 

The  basic  structure  of  Ais  composite  is  schematicaDy  illustrai^  in  fig^ 
ceramic  is  poled  perpendicular  to  Ae  z-direciion  as  Adicated  (141.  The  iramducer  o^ra 

fSns  omS?  oAmd"  m°Sde”'^  ertectve'hylresut^  o^tSl? 

fewTS  S'.Ti’d  z-dintrton  Wuces  three  d„  responses  in 

nlares  Exceotionally  high  hydrostatic  piezoelectric  (L  values  were  obtained  up  to 

One  of  Ae  biggest  adv^tages  of  such  a  composite  is  Ae  exuusion  process  Aat  permitss  the 

development  of  complex  geomemes  by  a  cost  effecuve  proce  ure. 

7.  MOONIES  AND  CYMBALS. 

In  meant  vears  oiezoelccmc  and  electrosttictive  ceramics  have  been  used  in  mmy  acmior 
applications 

transducer  has  been  developed  ( 17-211.  Tjra  w  y  j^i^hed  between  two 
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Figure  I  Schematic  drawing  of  a  honeycomb  ceramic  structure.  Poling  directions  are  indicated 
in  the  insert  of  the  figure.  Notice  the  difference  in  the  poling  directions  between  neighboring 

cells. 


Figure  2.  The  geometry  of  the  ceramic-metal  composite  actuator  "Moonie".  The  arrows 
describe  the  displacement  directions  when  the  moonie  is  driven  by  a  field  paralled  to  the 

poling  direction  of  the  ceramic. 


The  metal  endcaps  serve  as  mechanical  transformers  for  converting  and  amplifying  the  lateral 
motion  of  the  ceramic  into  a  large  axial  displacement  normal  to  the  end  caps.  Both  the  d,, 
(=d„)  and  d„  coefficients  of  the  piezoelectric  ceramic  contribute  to  tte  axial  displacement  of 
the  composite.  Figure  3  shows  the  enhanced  displacement  of  the  moonie  actuator  mmpar^  to 
that  of  a  PZT  ceramic.  This  design  provides  a  sizable  displacement  as  well  as  a  large 
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eencrativc  force.  In  other  words,  it  bridges  the  gap  between  the  two  most  common  types  of 
actuators,  the  miiliilaver  and  the  bimorph  (22).  The  shallow  spaces  under  the  end  caps 
produce  a  substantial  increase  in  strain  by  combining  the  dsj  and  dji  coefncients  of  the 
ceramic.  It  is  attractive  for  hydrophone,  transceiver  and  actuator  applications,  and  is  especially 
advantageous  for  use  as  a  non-resonanu  low  frequency  projector  in  dap  water. 

Hydrophone  sensitivity  depends  on  d^,  the  hydrostauc  piezoelectric  charge  cafncient,  and 
g..  the  hydrostatic  piezoelectric  voltage  coefficient  The  moonie  t^duar  was  inwduced  as 
a  hydrophone  having  the  highest  figure  of  merit,  d^  x  g^  *  50.  000  x  10  m/S  (231,  about 
500  times  larger  than  the  uncapped  PZT  ceramic.  The  moonie  al»  possesses  lugh  capaatance 
and  excellent  pressure  tolerance.  The  stress  distribution  within  the  moonie  hydrophone  utider 
a  hydrosiaiic  pressure  was  dcicnnined  using  FEA.  Extensional  stresses  uong  the  radial  and 
tangential  directions  arc  generated  under  a  hydrostatic  pressure,  and  contribute  significantly  to 

the  very  high  figure  of  merit  of  the  moonie.  l 

Moonie  actuators  also  have  very  high  effective  d,,  coefficients  depen^g  on  the  geometry. 
Effective  d„  coefficients  as  large  as  13.000  pC/N  were  obtain^  with  brass  caps  0.3  mm 
thick,  but  the  value  decreased  rapidly  toward  the  edge  of  the  u-ansducer.  ^us  is  approxanately 
thirty  times  higher  than  the  d„  of  a  PZr-5A  ceramic.  The  charactenstics  of  the  moonie 
actuator  depend  markedly  on  both  the  geometry  and  the  choice  of  materials.  Among  the 
geometric  parameters,  cavity  diameter,  cavity  depth,  and  cap  ihictaeK  ^  the  main  par^eiers 
which  controls  the  displacement  of  a  moonie  actuator.  An  appbed  1  kV/mm  electric  field 
produces  a  displacement  of  22  pm  at  the  center  of  a  ^fully  ^signed  brass  capped  moorae 
actusiior.  By  stacking  two  identical  single  moonies  with  these  dimensions,  the  double  stacked 

moonie  actuator  exhibits  a  40  pm  displacement,  (figure  3).  i  i  ,  j  w  cc  a 

The  generative  force  of  the  moonie  was  measured  expenmentally  and  calculated  by  FEA. 

The  calculated  maximum  force  N)  at  effective  working  area  of  3  mm2  agrees  with  that 

obtained  by  the  extrapolation  of  the  experimental  data.  j  •  ,  .k« 

For  actuators,  however,  the  stress  concentration  on  the  brass  endcap  just  above  tte 
bonding  layer  reduces  the  effective  force  transfer  frorn  the  CT  to  the  ca^  It  is  PO?«ble  to 
eliminate  part  of  the  stress  concentration  by  removing  the  poruon  of  the  cudeap  just  above  tte 
bonding  region  where  the  maximum  stress  concentration  is  observed.  An  ^ac^eni  in 
propetfies  has  been  obtained  by  introducing  a  ring  shaped  groove  on  the  extenor  of^  end 
caps  (231.  The  largest  displacement  was  achieved  when  the  groove  was  posmoned  above  the 


Applied  Electric  Field  (  kV/mm) 


Figure  3.  The  displacement  characteristics  of  the  moonie  actuator  as  a  function  of  the  applied 

electric  field. 

Dimensions;  d„=:12.7.  dp=12.7,  d,=9.0,  hrO.2,  tp^l.O,  t«,=0.3  (all  in  mm). 
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bonding  layer.  The  deeper  and  wider  the  groove,  the  higher  the  displacement.  Since  the  stress 
concentrates  at  the  groove  edges,  this  becomes  a  potential  source  of  fatigue  and  may 
eventually  produce  failure  under  long  term  usage. 

A  new  design  of  moonie  with  “cymbal”  shaped  endcaps  has  recently  been  developed 
[24].  The  endcaps  are  fabricated  by  punching  metal  sheets.  The  cymbal  design  removed  most 
of  the  region  with  stress  concentration,  and  yields  higher  more  reproducible 
displacements.  Even  though  this  new  design  looks  similar  to  the  earlier  moonie  design,  it  has 
a  different  displacement  mechanism.  Displacement  is  a  result  of  the  pure  flexural  motion  of  the 
endcap  for  the  moonie.  For  the  cymbal,  the  displacement  is  created  by  the  combination  of 
flexural  and  rotational  motion.  Figure  4  shows  the  displacement  values  and  the  position 
dependence  of  the  different  endcap  designs  with  with  fixed  cavity  depth  (0.2  mm)  and  cavity 
diameter  (0.9  mm).  The  cymbal  actuator  generated  a  40  (im  displacement  which  is  about  twice 
the  moonie  displacement  Flexural  motion  of  the  endcaps  is  the  principal  motion  mechanic  of 
the  original  moottie  actuator.  For  this  reason  the  displacement  of  the  moonie  actuator  is  highly 
dependent  on  position.  Displacement  decreases  dramatically  away  from  the  center  of  the 
endcap.  where  the  maximum  displacement  is  observed,  to  the  edge,  where  the  displacement  is 
equal  to  that  of  the  PZT.  A  moonie  with  grooved  endcaps  show  significately  less  position 
dependence  of  displacemenL  The  cymbal  actuator  exhibits  a  more  homogeneous  displacement 
over  a  wider  section  about  4  mm  in  diameter  at  the  center  of  the  endcap.  The  large  flat  contact 
surface  of  the  new  endcap  design  makes  it  more  practical  for  stacking  the  individual  actuators 
together  to  reach  higher  displacemenL  Additionally,  the  new  multistacked  cymbal  structure  is 
more  stable  under  uniaxial  external  loading.  This  actuator  consists  of  five  elements,  12.7  mm 
in  diameter,  10  mm  total  thickness,  and  exhibits  a  displacement  of  175  pm. 

Properties  and  perfomance  of  metal-ceramic  composites,  moonie  and  cymbal,  can  be 
tailored  through  the  geomeuncal  design  and  the  selection  of  the  adequate  materials  (25]. 
Because  of  their  large  displacement  and  charge,  moonie  and  cymbal  composites  show  great 
potential  for  many  applications  (23-26],  including  hydrophone  sensors,  transceivers  for  fish 
finders,  positional  actuators  and  highly  sensitive  accelerometers. 


8.  SMART  MATERIALS 


Smart  materials  (27]  have  the  ability  to  perform  both  sensing  and  acruating  functions. 
Pa.ssively  smart  materials  respond  to  external  change  in  a  useful  manner  without  assistance, 
whereas  actively  smart  materials  hjve  a  feedback  loop  which  allows  them  to  both  recognize 
the  change  through  an  actuator  circuit.  Many  smart  materials  are  analogous  to  biological 


P«€iUMi  frooi  Ikt  Ctnur  •(  lk«  Eadcap  (ami 


Figure  4.  The  position  dependence  of  displacement  for  different  endcap  designs. 
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systems:  piezoelectric  hydrophones  mentioned  earlier  are  similar  in  mechanism  to  the  ears 
bv  y-hich  a  fish  senses  vibrations.  Piezoelectrics  with  clectromcch^c^  coupling,  shape 
memory  materials  that  can  “remember”  their  original  shape,  electrorheological  fluids  with 
adjustable  viscosities,  and  chemical  sensors  which  act  as  synthetic  ^uiy^ems  to  the  human 
nose  are  examples  of  smart  electroccramics.  “Very  smart”  materials,  tn  addition  to  sensing  and 
actuating,  have  the  ability  to  “learn”  by  altering  their  property  coefficients  m  response  to  the 
environ^ient  Integration  of  these  different  technologies  into  compact,  multifuncuon  packages 
is  the  ultimate  goal  of  research  in  the  area  of  smart  materials.  Hollow  piezoetotnc  composites 
introduce  new  tools  in  the  search  of  smart  and  very  smart  matenals.  The  capabmty  of 
integrating  different  structures  in  piezoelectric  composites  with  open  spaces  make  poMible  to 
develop  advances  systems  with  complex  functions.There  are  several  recently  appbcauons  and 

materials  that  open  the  big  changes  to  occur  in  this  field  during  the  corning ^ad^  _ 

A  new  vibration  control  device  based  on  the  mewrae  actuator  has  l^n  developed  by 
Trcssler  [281.  The  actuator  portion  of  the  device  consist  of  the  standard  (11  mm  diameter,  2 
mm  thick)  moonie,  and  a  small  piezoelectric  ceramic  embedded  in  the  upper  end  cap  that 
serves  as  a  sensor  (0.1  mm  thick).  This  proioptype  sensor/actuator  piezocompositc  is  ^able 
of  detecting  and  suppressing  in  real  time,  small  vibration  displacements  with  low 

force  (<  100  gO.  The  d>'namic  frequency  range  of  the  device  spans  from  100  Hz  to  at  least 
2500  Hz.  The  sensor  detects  sinusoid^  vibrations  normal  to  the  actuator  surface,  via  a 
feedback  loop,  and  send  a  signal  of  appropiate  amplitude  and  pha»  sluft  to  the  actuator  so  that 
if  effectively  cancel  is  the  external  vibration.  Potential  aplications  for  this  device  incluK  ^Qve 
optical  systems,  rotor  suspension  systems,  and  other  low  level  vibration  suppression  devices 
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ABSTRACT 

The  unique  design  of  metal-ceramic  actuaiots  exhibits  very  high  displacement  and  large 
generative  forces.  This  new  design  metal-ceramic  composite  actuators  consists  of  a 
piezoelectric  sandwiched  between  two  cone-truncated  shaped  metal  endcaps.  The  radial 
motion  of  the  piezoelectric  ceramic  is  convened  into  a  flextensional  and  roto-flextensional 
motion  in  the  metal  endcap.  There  is  a  Thermally  Induced  Displac^ent  (TID)  of  the 
piezocomposite  with  temperature  that  is  related  to  the  thermal  expan^on  mismatch  betwera  tte 
metal  endcaps  and  the  ceramic.  By  selecting  appropriate  materials  it  is  possible  to  avoid  this 
TID.  Very  low  or  ne^gible  temperature  dependence  of  the  displacement  was  attained  by 
using  PZT  ceramics  with  low  temperature  dependence  on  its  propemes  or  by  using  metal  with 
higher  stiffness  and  lower  thermal  expansion  coefficients  than  the  ceramics. 


1.  INTRODUCTION 

In  recent  years,  piezoelectric  and  electroestrictive  ceramics  have  been  used  in  many  actuator 
applications,  A  new  type  of  metal-ceramic  composite  acmator,  which  is  based  on  the  concept 
of  flextensional  transducer  has  been  reported  (1-2].  In  this  metal-ceramic  composite  the  P2T 
ceramic  is  sandwiched  between  metalic  endcaps  with  shallow  catties.  Because  the  sh^ow 
cavities  have  a  moon  shape,  the  composites  is  named  “moonie”.  The  radial  modon  of  the 
piezoelectric  ceraniic  is  convened  into  a  nextensional  motion  in  the  metal  endcap.^  As  a  result* 
a  large  displacement  is  obtained  at  the  device  center  in  the  direction  perpendicular  to  the 

ceramic  di^  .  .  t  %. 

Due  to  large  difference  in  the  thermal  expansion  coefficient  between  the  metal,  brass,  20  x 
KT*  /X,  and  the  ceramic,  PZT.  6  x  KT*  a  significant  thermaUy-generated  s^  is 
produced  in  the  composite  during  the  cooling  process  when  silver  paste  bondi^  b  usra.  If  no 
stress  relaxation  occurs  below  the  glass  softening  temperature,  q^ically  400  "C.  Ihci^y 
induced  compressive  stresses  are  generated  in  the  PZT,  while  tensile  stresses  ate  generated  in 
the  endcaps  [3].  These  prestresses  help  to  maintain  the  PZT  polarization  during  exposure  to 
high  hydrostatic  pressure*  which  is  required  for  hydrophone  applications.  Hewever^  this 
tensile  stress  concentration  can  easily  damage  the  outer  ^ge  of  the  PCT.  The  dimensional 
change  produced  during  the  poling  process  of  the  PZT  mcreas^  this  tensue  stress 
concentration*  reaching  values  close  to  the  fracture  strength  of  the  oetaniic. 


As  actuators  metal-ceramic  composites  need  to  achieve  higher  displaarnent  and  redua  the 
stress  concentration  in  order  to  attain  higher  generative  force  and 

StSdStiS  of  a^g-shaped  groove  on  die  endcaps  enhanced  m^edly  the  displacement 
f41  At  the  same  time,  assembly  techniques  using  room  tempera^  bonding  cunng  epoxies 
IS*  ^  sJassfuUy  developed.  However,  beeaure  *e  polymers  ha«  a 

low  melSne  point,  the  epoxy  bonding  me*od  is  only  useful  for  low  tempOTture  apphcanw. 
SS,"*  &pe  ium^luraciristic^^^^^ 

elements  [5-6].  The  thermal  expansion  coefficient  rnisinatth  between  the  metal  and  ceram 
the  origin  of  the  Thermal  Induced  Displacement  or  TID  [6].  --h-h  ‘Vvmhak”  r7l  have 

New  metal-ceramic  designs  using  tiuncated-cone  shap^  endcap,  called  cymbals  [7],  have 

JllsSiSi  effective  piezoelectric  coefficients,  and  generauve  fo^ 

[61  In  cymbal  imators  the  radial  motion  of  the  ceramic  is  inverted  into  flexttigon^  an 
KnSTmTuon  of  the  metal  endcap.  In  *is  paper 

temperature  dependence  of  the  new  design  metal-cet^c  c^bal  actuators,  were 
investigated  in  order  to  avoid  the  temperature  dependence  of  properties. 


2.  EXPERIMENTAL  PROCEDURE. 

PaU/I  havine  12  7  mm  in  diameter  and  1  mm  in  thickness,  of  three  different 

S^e  SmUderien  [7],  was  achieved  by  punching  first  and  then  pre«mg  (up  to  100  hffa) 

fSr  tungren.  AU  metal  endcaps  show  a  well  defined  nng  shaped  bonding  layer  of  2  mm  and  a 
cavity  diameter  of  8.7  mm. 


Table  L  Piezoelectric  properties  of  ceramics  used  as  a  drive  element  in  cymbals. 


CERAMIC 

£’ 

tgS 

d„  (pC/N) 

djj  (pC/N) 

- FHW 

PZT^A 

- FZrSH  1 

■DlSBi 

71157 

- :m 

- 7253 - 

2w 

- 455 - 

581 

characteristics.  Eccobond  is  a  black  color  epoxy  that  con^s  dispersed  CaCO,  panic^. 
Masterbond  is  a  clear  yellow  pure  epoxy  phenolic  with  a  wide  temperature  range  of  operaoon 

and  needs  to  be  cured  at  moderately  elevated  temperatures.  ,  .  . 

The  displacement  of  a  composite  actuator  was  measured  ai  0.1  Hz  in  freq^n^under  and 
applied  field  of  1  kV/ram  with  a  Linear  Voltage  Different^  Trasducer,  LVp^  ai  room 
temperature  or  with  a  photonic  non  contact  sensor  as  a  function  of  temperature,  to  both  cases 
the  Solution  was  0.05  ^im.  Temperature  dependena  exjrenmentt  were  perforin^  in  a 
specially  designed  lemperamre  chamber  in  the  range  of  *5  C  to  +95*^.  Borwihcate  Glass 
Standard  Reference  Materials  731  from  NIST,  was  uses  as  a  temperature  standard. 

Table  HI.  Characteristics  of  epoxies 


emperature  Ranee 


lasterbonc 


20hRT 

•4h70*C 


-55+175 


3.  RESULTS  AND  DISCUSSION. 

Figure  1  shows  the  effect  of  Young’s  modulus  of  metal  encaps  and  ^dn^-softness  of 
ceramic  materials  on  the  displacement  of  composite  cym^  actuators.  For  tte  ^e  m^ 
endcap.  there  is  dependence  of  the  displacement  on  the  dj.  piezoelectnc  corf^nt  of  toe 
ceramic.  Ihe  higher  the  contraction  of  the  PZT  in  the  radid  direcuon  ^  wd  thercaftw jte 
contraction  of  tl»  cavity,  the  higher  the  displacement  is.  d«n^  of  toe  displTOmeni  wto 

the  increase  of  the  stiffness  of  the  metal  endcap  is  relat^  to  higher  mechanical  los^  mte 
roto-flextensional  motion  (monolithic  hinge  type  plus  flextensional  mouon)  of  ^end^ 
That  behavior  is  almost  linear  for  cymbals  bonded  at  rtwra  tempraturc  wito  e^lwnto  w 
displacement  of  toe  stiffest  metal  is  approximately  52-57%  of  that 
mSal  endcaps,  and  it  is  practically  independent  of  the  ceramic  type.  In  the  case  of  composi^ 
bonded  with  masterbond  a  different  behavior  was  exhibited,  to  gener^  the 
values  was  observed  than  for  the  room  temperature  cured,  epoigr  ^ded  cyraNs.^dtt 

seems  that  this  decrease  is  significant  for  toe  cymb^  m^  with  ^  5H.  tlut  jhows  ^ 
highest  displacement  The  reason  for  such  behavior  is  attributed  to  the  ngidity  of  the  epoxy. 
Even  though  both  epoxies  have  similar  strength,  masterbond  is  a  pore  phenolic  epoxy, 
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Figure  1  Displacement  of  cymbals  actuators  for  different  ceramics  and  metal  endcaps. 


coefficient  in  relation  re  the  tret^c.  J^lf  P  reduction  of  die  mismatch  between  the 

TID  measured  data  ta.table  ^  shows  to  by  ^  dte  point  of  view 

metal  ami  ttacetamtcntsp^He  re  a«i^ot  re^^^  ^  mettrptoduces  a 

of  ptacnt^  appltoanon  negM«TO  s  are  ve^  mtc^  dipoiarization  ptocess  due  re  the 

0“a,  ovetcome  tn  d« 

device  by  combiSig  the  cymbal  with  carcftiUy  tailored  matenals. 


Table  IV.  HD  (pm)  of  different  metal  endcap  PZT  5H  cymbal  actuarets  (from  -5"C  re  95'>0. 


Figure  2  shows  the  thermal  ^pmd^  of  dm  disp^cn.  5^^ 

S^m'^vd^dS^  "42d  rdfS;^  dof«to«e  of  dm  piezoeiccttic 

With  mjstetbond  “  'i^“t^Jed‘tor*e  texture  dependence  of  te 

actuator  (figure  3).  In  that  it  js  oosex^  tn  all  the  temoerature  range.  That 

displacement  is  very  close  to  that  ofjnc  Some  deviations  to  such  a  behavior  are 

different  ways  to  eliminate  the  thermal  dependence  of  the  cymbal  actuate  . 


Temperature  CQ 

Rgure  2.  Displacement  as  a  function  of  tempetamre  for  cymbals  bonded  with  eccobond. 
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R*u»  3.  DUplaccmen.  as  a  funcUon  of  .ompcn«o«  for  cymbals  bonded  wid.  masmAond. 
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a)  Reducing  the  temperanire  dependence  of  the  radial  coefficients  of  the  PZT  ceramic.  If  tte 
bonding  has  no  significant  effect  on  the  temperature  characteristics  and  the  stiffn^  of  metal  is 
low,  the  metal-ceramic  composite  follows  the  thermal  characteristics  of  PZT^  ceramtcs, 
reearung  that  the  cymbal  works  as  a  displacement  amplifier.  In  such  a  case,  piezoelKtric 
ceramics  with  low  temperature  dependence  are  more  powerful  for  temperature  applications, 

such  as  PZT  8D  and  even  PZT  5A.  r.  % 

b)  Changing  the  cavity  size:  In  the  case  of  brass,  it  is  possible  to  obse^e  a  very  low 
temperature  dependence  for  temperatures  higher  than  40®C.  In  such  a  case,  the  mismatch  of 
thermal  expansion  coefficients  between  the  metal  endcaps  and  the  cer^ic  produce  a  posiu^ 
and  high  TDD  or  in  other  words,  the  cavity  size  changes.  It  is  possible  to  coMider  that  tte 
cavity  size  is  changing  slowly  in  relation  to  the  cavity  depth.  ^  the  cavity  depth  increases  the 
displacement  decreases  [9].  Inconvenient  is  that  the  net  position  of  the  actuator  is  incieasmg 
continuously  because  of  the  TID,  even  though  the  temperature  dependence  could  be  cancelled 
for  a  fixed  temperature  range. 

c)  Using  higher  stiffness  metal:  The  mechanical  losses  cause  a  reducuon  ^  the 
displacement,  however  tungsten  endcaps  provide  a  temperan«  indep^derit  behavior.  On^ 
the  most  important  characteristics  of  that  composite  is  the  existence  of  a  slightly  negative  TID 

that  can  easily  compensated.  •  j  rr  .  •  • 

d)  Combining  multistack  structures  constructed  using  the  above  mennoned  effect,  u  is 
possible  to  have  very  high  displacement  and  negligible  TTO  and  temperature  dependence. 
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COMPOSITE  SENSORS  AND  ACTUATORS 

ROBERT  E.  NEWNHAM* 

Composite  materials  have  found  a  number  of  structural  applications 
but  their  use  in  the  electronics  industry  has  been  relatively  limited.  As 
the  advantages  and  disadvantages  of  electroceramic  composites  are  better 
understood,  we  can  expect  this  picture  to  change. 

In  this  paper  we  review  some  of  the  composite  sensor  and  actuator 
studies  carried  out  in  our  laboratory  during  the  p£ist  two  decades.  These 
functional  composites  make  use  of  a  number  of  underlying  ideas  including 
connectivity  patterns  leading  to  field  and  force  concentration;  the  use  of 
periodicity  and  scale  in  resonant  structures;  the  symmetry  of  composite 
structures  and  its  influence  on  physical  properties:  polychromatic  perco¬ 
lation  and  coupled  conduction  paths;  varistor  action  and  other  interfacial 
effects;  sum,  combination,  and  product  properties;  coupled  phase  trans¬ 
formation  phenomena:  and  the  important  role  that  porosity  and  inner 
composites  play  in  composite  materials.  These  ideas  provide  a  basic  un¬ 
derstanding  of  functional  composites  and  have  been  discussed  previously 
[1].  In  the  present  paper,  we  describe  several  composite  piezoelectrics  and 
their  applications.  Several  of  these  transducers  mimic  the  geometries  of 
the  sound-sensing  organs  of  fish:  elongated  feelers,  vibrating  air  bladders, 
and  spherical  inner  ears. 

Early  investigators  concentrated  on  polymer-ceramic  composites  for 
use  as  hydrophones.  Several  interesting  connectivity  patterns  [2]  were  de¬ 
veloped  including  3-3  structures  made  by  the  replamine  process  [3]  and  by 
fugitive  phase  technique  [4].  Then  came  the  more  useful  1-3  composites 
consisting  of  parallel  PZT  fibers  embedded  in  a  polymer  matrix.  These 
structures  were  made  by  extrusion  [5],  by  dicing  [6],  and  more  recently  by 
injection  molding  [7]  and  lithographic  lost- wax  techniques  [8].  The  cou¬ 
pling  between  the  ceramic  fibers  and  the  polymer  matrix  is  important  [11]. 
In  optimizing  hydrophone  performance,  the  dh9h  product  was  chosen  as  a 
figure  of  merit.  The  1-3  composite  increases  dh  and  gn  by  reducing  the  dsi 
piezoelectric  coefficient  and  the  dielectric  constant  while  maintaining  the 
large  dss  coefficient. 

The  usefulness  of  the  1-3  composite  in  high  frequency  applications  for 
non-destructive  testing  and  medical  diagnostics  was  recognized  later  [9]. 
Biomedical  transducers  require  resonant  frequencies  in  the  1-10  MHz  range, 
high  electromechanical  coupling  coefficients,  low  acoustic  impedance,  and 
broad  bandwidth.  The  1-3  transducers  manufactured  by  Siemens  [8]  have 
thickness  resonances  of  5-10  MHz,  coupling  coefficients  kt  =  0.67. 
K  =  600,  tan 5  <  0.025,  and  a  mechanical  Q  about  10. 
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Poling  is  sometimes  difficult  for  the  long,  slender  PZT  fibers  used  in 
1-3  composites.  Electric  breakdown  often  occurs  before  poling  is  complete, 
and  the  transducer  is  ruined.  Lower  poling  and  driving  fields  are  obtained 
when  the  spaghetti-like  PZT  fibers  are  replaced  with  macaroni-like  PZT 
tubules.  When  electroded  inside  and  out,  the  thin-walled  tubes  are  poled 
and  driven  radially  at  relatively  modest  voltages.  Radial  motions  are  cou¬ 
pled  to  length-wise  displacements  through  the  dzi  coefficient.  Effective 
piezoelectric  constants  of  about  8000  pC/N  and  large  dugh  products  are 
achieved  with  these  composites  [10].  Other  variants  on  the  basic  1-3  struc¬ 
ture  include  the  1-2-3  composite  with  transverse  load  bearing  fibers  [11], 
and  the  1-3-0  composite  with  a  foamed  polymer  matrix  [12],  and  the  inter¬ 
esting  woven  fiber  composites  devised  by  Safari  and  co-workers  [13]. 

Perhaps  the  simplest  piezoelectric  composite  is  the  0-3  transducer  made 
by  dispersing  ceramic  particles  in  a  polymer  matrix.  The  NTK  Piezo- 
Rubber  films  and  cables  are  used  as  flexible  hydrophones,  keyboards,  blood 
pressure  cuffs,  and  musical  instruments.  They  are  made  by  hot-rolling 
PbTiOz  particles  into  a  chloroprene  rubber  matrix  [14]. 

Composites  with  1-3  and  3-2  connectivity  were  prepared  by  drilling 
either  circular  or  square  holes  in  prepoled  PZT  blocks.  Drilling  weis  carried 
out  in  a  direction  perpendicular  to  the  poled  axis  and  by  filling  the  drilled 
holes  with  epoxy  [15].  On  samples  optimized  for  hydrophone  performance, 
the  gh  and  dngh  coefficients  were  about  4  and  40  times  greater,  respectively, 
for  the  1-3  composites;  and  25  and  150  times  greater  for  the  2-3  composites 
compared  to  those  of  solid  PZT. 

BB  transducers  are  made  from  hollow  spheres  of  PZT  a  few  millimeters 
in  diameter,  about  the  same  size  as  the  metallic  pellets  used  in  air  rifles 
(BB  guns).  PZT  BBs  are  mass  produced  by  a  patented  forming  process 
[16]  in  which  air  is  blown  through  a  PZT  slurry  of  carefully  controlled 
viscosity.  The  hollow  spheres  are  1-6  mm  in  diameter  with  wall  thickness 
of  0.1  mm.  Densities  are  about  1.3  glcrrP  giving  the  BB  a  low  acoustic 
impedance  close  to  that  of  water  and  human  tissue.  When  embedded  in  a 
polymer  matrix  to  form  a  0-3  composite  the  BB  spheres  are  surprisingly 
strong,  and  able  to  withstand  large  hydrostatic  pressure  without  collapse. 
Close-packed  transducer  arrays  are  easily  assembled. 

When  electroded  inside  and  out,  and  poled  radially  the  BB  becomes  an 
omnidirectional  transducer  suitable  for  underwater  or  biomedical  applica¬ 
tions.  For  spheres  2.6  mm  is  diameter  with  90  mm  thick  walls,  the  resonant 
frequencies  are  700  kHz  for  the  breathing  mode  (dai)  and  10  MHz  for  the 
wall  thickness  mode  (das).  BBs  are  small  enough  to  be  used  in  catheters 
for  non-in vasive  surgery  to  act  as  beacons,  sensors,  and  actuators. 

In  recent  years,  piezoelectric  and  electrostrictive  ceramics  have  been 
used  in  many  actuator  applications  [17].  To  meet  these  needs  a  new  type 
of  composite  actuator  based  on  a  flextensional  transducer  has  been  devel¬ 
oped  [18].  This  ceramic-metal  composite  actuator,  or  “moonie’’  consists 
of  either  a  piezoelectric  ceramic  disc  or  a  multilayer  stack,  sandwiched  be- 
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tween  two  specially  designed  metal  end  caps.  This  design  provides  a  sizable 
displacement,  as  well  as  a  large  generative  force.  In  other  words,  it  bridges 
the  gap  between  the  two  most  common  types  of  actuators,  the  multilayer 
and  the  bimorph.  The  shallow  spaces  under  the  end  caps  produce  a  sub¬ 
stantial  increase  in  strain  by  combining  the  dzs  and  the  dzi  contributions 
to  the  ceramic.  It  is  attractive  for  hydrophone,  transceiver  and  actuator 
applications,  and  is  especially  advantageous  for  use  as  a  non-resonant,  low 
frequency  projector  in  deep  water  [19]. 
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DOUBLY  RESONANT  CYMBAL-TYPE  TRANSDUCERS 
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Abstract  •  A  doubly  resonant  cymbal-type  transducer  has  been  developed  by 
capping  a  poled  piezoceramic  disk  asymmetrically.  It  is  intended  for  use  in  the 
frequency  range  between  10  kHz  and  50  kHz.  The  two  resonance  frequencies  can 
be  easily  manipulated  by  selecting  appropriate  cap  materials  and/or  geometry.  The 
prominent  feature  of  this  device  is  the  ability  to  obtain  two  resonances  at  desired 
frequencies  widiout  the  need  for  electrical  tuning.  In  addition,  proper  placement 
of  the  resonance  frequencies  may  also  allow  for  the  broadening  of  the  operational 
bandwidth  as  well  as  the  generation  of  .  difference  frequencies. 

1.  INTRODUCTION 

Multiple  lesonant  acoustic  projectors  can  exhibit  a  number  of  advantages  over  their  singly 
resonant  counterparts,  namely  the  potential  for  wider  operational  bandwidths  and  difference 
frequency  generation.  Typically,  multiple  resonances  are  generated  through  the  use  of  electronics 
and/or  the  use  of  acoustic  matching  plates.  Steel,  et  al.  [1]  developed  a  continuously  tunable  two- 
plate  high-frequCTcy  (240  kHz)  transducer  in  which  one  piezoceramic  disk  was  used  as  the  driver 
and  the  second  was  used  to  control  the  resonance  condition  through  tiie  use  of  appropriate 
inductors  and  resistors  in  the  electrical  circuitry.  Jain  and  Smith  [2]  applied  this  same  concqjt  to 
their  low  frequency  (30  kHz)  continuously  tunable  sandwich  transducer  which  consisted  of  four 
PZT  rings  (2  drive,  2  control)  sandwiched  between  two  metal  masses.  Loading  the  control 


caamics  with  an  inductive  load  made  the  structure  resonate  at  two  frequencies.  Inouye,  et  al.  [3] 
achieved  dual  resonance  conditions  by  attaching  an  acoustic  matching  plate  to  a  tapered 
piezoceramic  resonator.  This  configuration  had  resonances  at  23  kHz  and  32  kHz.  Sunilarly,  a 
constant  area  Langevin  transducer  consisting  of  a  quarter  wave  front  (head)  layer,  a  ceramic  stack, 
and  a  steel  tail  was  found  to  exhibit  two  distinct  resonance  peaks  in  its  conduction  response  (at  73 
kHz  and  119  kHz).  This  dual  resonance  behavior  was  only  observed,  though,  when  the 
characteristic  impedance  of  the  head  material  exceeded  4  MRayls  [4].  Doubly  resonant  longitudinal 
vibrations  have  been  obtained  in  tonpilz  transducers  by  using  three  masses  instead  of  the 
conventional  two,  where  the  additional  mass  is  inserted  within  the  piezoelectric  stack  [5].  This  type 
of  transducer  has  two  mechanical  resonances  that  can  be  used  for  both  transmitting  and  receiidng 
operations.  By  proper  design,  it  is  possible  to  use  the  entire  frequency  band  from  the  lower 
resonance  frequency  to  somewhat  above  the  upper  resonance  frequency.  Very  high  frequency  dual 
mode  transducers  ate  also  being  investigated  as  ultrasonic  probes  for  the  carotid  artery  [6].  In  this 
application,  a  dual  frequency  probe  made  from  a  multilayer  ceramic  is  used  to  obtain  a  mode  image 
dmnifflnftnnsly  with  a  high  resolution  B  mode  scan.  The  ceramic  con^ts  of  two  layers  of  different 
thickness  poled  in  opposite  directions.  A  thickness  ratio  of  1  to  0.7  gave  dual  resonances  at  3,75 
MHz  and  7.5  MHz... 

The  patented  moonie  and  cymbal-type  transducers  [7,8]  have  been  shown  to  be  excdleni 
electroacoustic  transducer  candidates.  Their  operational  principles  have  been  reported  previously 
[9,10].  The  cymbal  design  consists  of  a  piezoelectric  ceramic  disk  (typically  PZT)  poled  in  Ae 
thickness  direction  which  is  sandwiched  between  two  thin  metal  endcaps,  each  of  which  contains  a 
truncated  cone-shaped  cavity  on  its  inner  surface.  The  moonie  style  cap,  on  Ae  oAer  hand, 
consists  of  a  metal  disk  wiA  a  shallow  conical  cavity  machined  into  its  inner  surface.  When  Ae 
ceramic  contracts  radially  under  the  application  of  an  applied  AC  electric  field,  Ae  endcaps  flex  to 
^ve  an  amplified  strain  (displacement)  in  Ae  direction  normal  to  the  ctqp  surface.  In  addition,  Ae 
moonie,  and  especially  Ae  cymbal,  ate  characterized  as  being  of  small  size,  thin  profile,  and 
perhaps  most  importantly,  easy  and  inexpensive  to  fabricate. 


A  doubly  resonant  cymbal-type  transducer  has  been  constructed  by  capping  a  PCT  driving 
element  asymmetrically.  The  focus  of  this  paper  is  to  demonstrate  the  ease  by  which  it  is  possible 
to  generate  distinct  resonances  at  any  two  desired  frequencies  between  10  kHz  and  50  kHz  through 
proper  design  engineering  without  the  need  for  electronic  tuning  or  matching  plates.  Two 
configurations  will  be  considered:  (1)  two  identically  shtqted  cymbal  caps  of  different  metals,  and 
(2)  two  caps  of  the  same  material,  but  with  different  shapes. 


n.  EXPERIMENTAL  PROCEDURE 

The  doubly  resonant  cymbal  transducers  w^  made  by  first  shaping  the  metal  caps  to  the 
desired  geometry.  In  die  case  of  the  cymbal  caps,  a  die  punch  simultaneously  cut  and  sh^ied  the 
caps  from  a  sheet  of  metal  foil  0.25  mm  thick.  The  dimensions  of  the  cymbal  caps  were:  diameter 
s  12.7  mm,  thickness  s  0.25  mm,  the  cavity  diameter  was  tapered  fiom  9.0  mm  at  the  bottom  of 
the  cap  to  3.0  inm  at  die  top,  and  the  maximum  cavity  depth  ranged  from  0.12  mm  to  0.47  mm. 
The  flange  of  each  of  the  caps  was  bonded  to  a  PZr-5A  disk  (Piezokinetics,  BeUefonte,  PA)  poled 
in  the  thickness  direction  which  was  12.7  mm  in  diameter  and  1.0  mm  thidc.  The  adhesive  was  a 
thin  layer  (**  20  ^im  thick,  1.5  mm  wide)  of  Emerson  and  Cuming  Insulating  Epoxy  (45LV  epoxy 
resin,  15LV  resin  hardener).  Great  care  must  be  taken  to  insure  that  no  epoxy  leaks  into  the  air- 
filled  cavity  and  that  the  layer  is  thin  enough  to  ensure  a  good  metal/PCT  electrode  contact  The 
capacitance  of  the  transducer  and  its  admittance  (or  conductance)  spectrum  are  simple  and  effective 
techniques  that  can  be  used  to  characterize  the  quality  of  the  bonding  layer,  with  the  latter  doubling 
as  a  means  to  observe  the  dual  resonances.  The  Ansys*  (Swanson  Analysis  Systems,  Inc.)  finite 
element  software  program  was  also  used  as  a  guide  in  designing  the  transducers.  Modal  analysis 
was  used  to  obtain  the  resonance  frequencies  and  mode  shapes  for  a  two  dimensional  axisymmetric 
model. 


m.  EXPERIMENTAL  RESULTS 


The  fundamental  resonance  frequency  of  a  12.7  mm  diameter  cymbal  transducer  is 
governed  by  the  elastic  constants  of  the  endcap  material  [11],  as  well  as  the  cs^  thickness  and 
cavity  dimensions.  Fig.  1  shows  the  FEA  calculated  first  resonance  frequency  of  a  cymbal 
transducer  capped  with  different  metals  of  varying  cavity  depth  (cap  thickness  and  cavity  diameter 
held  constant  at  0.25  mm  and  9.0  mm,  respectively).  As  can  be  seen,  by  the  £q)propriatB  selection 
of  cap  materials  and  cap  geometry,  the  fundamental  resonance  frequency  can  be  easily  tailored 
from  IS  kHz  to  about  45  kHz.  These  data  imply  that  coping  the  P2n'  driving  element 
asymetrically  should  result  in  a  double  resonance. 

The  first  asymetrically  c£q)ped  cymbal  transducer  used  two  identically  shaped  caps  of 
different  materials,  steel  and  brass.  The  measured  conductance  vs.  frequency  spectrum  is  shown  in 
Fig.  2.  The  dual  resonance  behavior  is  quite  rqtparent.  The  first  resonance,  at  23.1  kHz,  is  die 
(0,1)  mode  associated  with  the  brass  csqi  and  the  second  resonance,  at  32.9  kHz,  is  the  (0,1)  mode 
of  the  steel  cap.  This  conclusion  was  arrived  at  fiom  the  mode  shrqies  at  these  two  frequencies  as 
calculated  by  the  Ansys*  firute  dement  program  (Fig.  3).  This  shows  that  the  dual  resonance 
behavior  of  the  steel/brass  cap  combination  is  a  direct  result  of  the  individual  vibrations  associated 
with  each  cap.  The  use  of  two  different  cap  types  also  results  in  a  double  resonance.  Fig.  4 
cmnpares  the  measured  admittance  spectra  of  (a)  the  moonie-type  transducer,  (b)  die  cymbal-type 
transducer,  and  (c)  the  moonie/cymbal  cap  combination.  These  results  ocperimentally  verify  the 
argument  that  the  dual  resonance  behavior  derives  fix)m  the  fundamental  resonance  mode  of  each 
individual  cap. 

As  evidenced  by  Fig.  1,  the  cap  geometry  also  strongly  affects  the  resonance  frequency. 
Therefore,  obtaining  dual  resonance  behavior  with  cymbal  c^s  of  a  single  material  can  also  be 
accomplished  by  using  two  caps  with  diffi^nt  dimensions.  The  admittance  spectra  of  cymbal 
transducers  with  brass  caps  each  with  a  different  cavity  depth  is  shown  in  Hg.  5.  The  dual 


resonance  behavior  is  again  visible,  where  the  first  resonance,  at  17.3  kHz,  18.1  kHz,  or  24.3 
kHz  is  due  to  the  (0,1)  mode  of  the  cap  with  the  shallower  cavity,  0.12  mm,  0.18  mm,  or  0.32 
mm,  respectively.  The  second  resonance,  at  30  kHz,  is  due  to  the  (0,1)  mode  of  the  cap  with  the 
deeper  cavity,  0.47  mm.  Utilizing  caps  with  nearly  the  same  shape  can  drive  the  two  resonances 
close  enough  that  they  can  couple  together  (Fig.  6).  When  this  occurs,  it  is  possible  to  increase  the 
operational  bandwidth  by  lowering  the  mechanical  Q.  From  this  result,  it  appears  as  though  the 
operational  bandwidth  of  the  doubly  resonant  cymbal  is  roughly  twice  that  of  the  singly  resonant 
device. 

Being  able  to  fix  two  individual  resonances  at  die  desired  frequencies  in  a  C3nnbal 
transducer  of  a  givai  diameter  by  simply  either  capping  it  asymmetrically  with  different  materials 
and/or  with  differently  shaped  caps  provides  the  transducer  designer  the  ctq)ability  of  working  with 
a  very  simple  structure  and  being  able  to  manipulate  the  working  frequency  range  of  the  device 
without  the  need  for  sophisticated  electronics. 

IV.  CONCLUSIONS 


A  dual  resonance  transducer  has  been  developed  simply  by  ct^ping  a  PZT  disk  driving 
element  asymmetrically.  The  simple  construction,  small  size,  thin  profile,  inexpensive  fabrication 
procedure,  and  ability  to  easily  tailor  the  two  resonances  by  changing  the  cap  materials  and/or 
manipulating  their  dimensions  are  the  striking  features  of  this  device.  It  is  expected  that  capping  the 
ceramic  driving  element  asymmettically  with  caps  of  two  different  thicknesses  or  with  two 
different  cavity  diameters  will  also  ger^rate  dual  resonance  bdiavior. 
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Rg.  1.  ECfect  of  cap  material  and  cavity  depth  on  the  first  resonance  frequency  of  a  standarf  size 
cymbal  transducer  (values  calculated  from  Ansys*  program).  The  key  shows  the  element  symbols 
or  alloy  names  used  as  cap  materials. 
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Fig.  2.  Conductance  vs.  frequency  for  a  cymbal  transducer  with  a  brass/steel  endctq)  combination 
as  measured  in  air. 


(a)  brass  cap  (0,1)  mode  at  23.1  kHz 


(b)  steel  cap  (0,1)  mode  at  32.9  kHz 


Fig.  3.  Vibration  mode  shapes  calculated  by  FEA  for  the  brass/steel  ctq)  combination  at  (a)  23.1 
kHz,  and  (b)  32.9  kHz.  The  dashed  lines  indicate  the  undeformed  shape. 


0.1  kHz  frequency  50  kHz 


Fig.  4.  Measured  admittance  spectra  of  (a)  the  standard  brass-c^)ped  moonie  transducer,  (b)  die 
standard  brass-capped  cymbal  transducer,  and  (c)  the  moonie/cymbal  c^  combinadon  transducer. 
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Fig.  5.  Conductance  vs.  frequency  for  a  cymbal  transducer  with  two  brass  caps,  one  of  which  has 
a  cavity  depth  of  0.47  mm  and  the  other  having  a  cavity  depth  of  (a)  0.12  mm,  (b)  0.18  mm,  and 
(c)  0.32  mm.  All  were  measured  in  air. 


Fig.  6.  Measured  admittance  spectrum  of  a  brass-capped  cymbal  transducer  showing  the  ability  to 
couple  the  two  resonances. 
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AbstracU'A  ceramic-metal  composite  electro¬ 
acoustic  transducer  has  been  developed  for  use  as  an 
underwater  projector  or  receiver.  Its  resonance 
frequency  ranges  from  10  kHz  to  40  kHz  and  its 
effective  coupling  coefficient  Is  around  20%.  Finite 
element  analysis  has  been  performed  to  ascertain 
how  the  transducer  dimensions  and  the  materials 
that  comprise  It  effect  aforementioned  parameters. 

L  INTOOTlUCnON 
A  The  Cymbal  Transducer 

The  nevtr  cymbal-type  transducer  [1],  like  the  patented 
mocmie  transducer  [2],  is  based  on  the  concqtt  of  die 
flextensional  transduce.  Both  the  cymbal  and  moonie  utilize 
either  a  poled  piezoelectric,  electrostrictive,  or  feno-  to 
antifenoelectric  phase  change  material  in  the  form  of  a 
ownmic  disk  (fully  dectioded  on  each  face).  This  disk  is 
sandwiched  between  two  specially  sbqied  metal  electrode 
endcaps,  each  of  which  contains  a  shallow  air-filled  caviar  on 
its  inner  surface.  In  the  case  of  the  moonie  transducer,  the 
cavities  are  in  the  sh^  of  a  half  moon,  whereas  the-cymbal 
contains  a  truncated  cooe-shtqied  cavi^  (see  Hg.  1).  The 
presence  of  these  cavities  . ailotvs  the  metal  caps  to  serve  as  r 
nwirhar.ifai  transformers  for  converting  a  portion  of  an 
inddent  axial  direction  stress  into  radial  and  tangential 
stresses  of  opposite  sign.  Alternatively,  the  c^  can  also 
couple  an  extensional  vibration  mode  of  the  ceramic  to  a 
flexural  vibration  motion  of  the  csqi  to  produce  a  large 
displacement  in  the  axial  direction. 

B.  Finite  Element  Analysis 

The  finite  element  method  is  a  powerful  tool  for  the  design 
and  analysis  of  electroacoustic  iransdncns.  There  are  a  host  of 
high  qu^ty  references  that  detail  the  theory  of  FEM  so  it 
wiU  not  be  discussed  here.  A  number  of  software  packages  are 
currently  available  which  perform  FEA.  The  two  most 
common  which  have  the  capability  to  perform  piezoelectric 
analysis  are  Atila*  and  ANSYS*.  The  latter  can  do  static, 
harmonic,  transient,  or  modal  analyses  [3].  Static  analysis  is 
used  to  determine  diqilacements,  stresses,  etc.,  under  static 
loading  conditions.  H^onic  analysis  determines  the  steady 
state  response  of  a  structure  under  a  sinusoidal  external  drive. 
Transient  dynamic  analysis  ascertains  the  response  due  to 


H|.  t.  Crms  *ectioiul  view  of  the  cymbal  uaasducer  (not  to  scale) 


arbitrarily  time-varying  loads,  md  modal  analysis  caimbuKs 
(henahiral  frequencies  and  mode  shapes  of  the  structure. 

C  Transducer  Characterizatitm 

When  a  transducer  is  used  to  detect  sound  underwater,  it  is 
commonly  refared  to  as  a  source  or  projector.  Conversely, 
when  it  is  used  to  detect  imderwater  sound,  it  is  ciihvi  a 
reoNver  or  hydrophone.  It  is  typiesdiy  desiiaUe  to  use  a 
hydrophone  at  finequendes  well  below  its  fudamoital 
resonance  so  tiiat  its  respond  (i.e.  rarqiut  voltage  per  unit 
^  -incident  pressure)  wOl  be  mdqiendent  of  frequency  over  a  wide  - 
range.  Projectors,  on  the  other  band,  are  generally  driven  in 
the  neighborhood  of  the  resonance  frequency  in  ctder  to 
achieve  the  maximum  volume  velocity  and  ouqiut  power. 

The  effective  coupling  co^dent,  k«i,,  is  a  measure  of  tie 
transduction  process.  Its  defiiution,  based  on  energy 
conservation,  is: 

^  _  I  stored  mechanical  energy 
"Y  input  electrical  energy 

This  coeffident  can  be  calculated  easily  from  the  resonance 
(f  )  and  anti-resonance  frequencies  (Q  as: 


This  ptqier  wiU  focus  on  bow  the  geometry  and  materials 
afEect  the  resonance  frequency  and  effective  coupling 
co^dent  of  the  cymbal  transducer. 


n.  EXPERIMENTAL  PROCEDURE 


A  Cymbal  Transducer  Fabrication 

Using  metal  foil  between  120  lun  and  380  fim  thick,  12.7 
mm  diameter  ctq»  were  simultaneously  cut  and  shaped  using 
a  die  punch.  Hie  cavity  diameter  was  tapered  from  3.0  mm  at 
the  top  of  the  caip  to  9.0  mm  at  the  bottom.  The  dqitb  of  the 
cavity,  as  measured  from  the  top  of  the  cap,  raided  from  120 
iun  to  470  lun.  These  caps  were  then  adhered  to  1.00  mm 
thick,  12.7  mm  diameter  poled  PZT-552  disks  QHezokinetics) 
using  Emerson  and  Cuming  insulating  epoxy.  To  ensure 
proper  alignment  of  the  ct^s,  the  entire  assembly  was  kept 
undo'  pressure  in  a  special  die  during  the  24  hour,  room 
ten^ierature  curing  step. 

B.  Finite  Element  Analysis 

The  ANSYS*  software  padcage  version  S.l  (Swanson 
Analysis  Systems.  Inc.)  was  used  to  calculate  the  resonaiKS 
and  antiresonance  frequencies,  as  wdU  as  the  vibration  modes 
of  the  cymbal  transducer.  A  two-dimensional  axisymmetric 
model  was  analyzed  and  it  consisted  of  three  parts:  (1)  a 
piezoelectric  (PZT)  disk,  (2)  two  metal  caps,  and  (3)  epoxy 
layers  between  the  c^  and  ceramic  as  weU  as  surrounding  the 
struemre. 

The  PZT  disk  was  fixed  at  a  raifius  of  6.35  mm  and  a 
ihidmess  of  1.0  mm.  Equqiotential  surfaces  were  placed  on 
both  the  top  and  bottom  surfaces  of  the  PZT  disk  to  represent 
the  electro^.  The  ^xy  layer  between  the  etp  and  ceramic 
had  a  thickness  of  20  pm  and  a  width  of  1.50  mm.  The  outer 
qioxy  layer  had  a  width  of  0.20  mm  ^  a  height  equal  to  that 
of  the  outm'  rim  of  the  tramducer.  Tlie  radius  of  the  cavity 
wasfixedat4.5mmatthecap/PZr  interface  and  was  tapered 
to  1.5  mm  at  the  top  of  the  op.  Both  the  thideness  of  the  cap 
as  well  as  the  maximum  cavity  depth  were  used  as  variables 
in  the  model. 

The  resonance  frequencies  of  the  transducer  were  obtained 
using  the  short  circuit  elastic  stiffiiess  matrix,  [c^].  in  the 
model;  whereas  the  antiresonance  frequencies  were  cakailated 
using  the  open  circuit  stiffnesses  [c*^.  The  coupling 
coefficients  were  then  found  by  inserting  the  aforementioned 
values  into  Equation  (2)  [4].  Restxtance  and  antitesonance 
frequencies  were  also  obtained  experimentaUy  in  air  from  the 
cymbal’s  admittance  ^)ectra  using  an  HP  4194A  friqiedanoe 
Analyzer.  The  calculated  values  woe  then  conpared  to  those 
obtained  experimentally. 

m.  EXPERIMENTAL  RESULTS 

The  results  presented  in  this  paper  will  focus  on  the 
cymbal  transducer  as  an  underwater  projector,  as  its  pressure 
tolerance  and  perfoonance  as  a  hydr^bone  has  been  reported 
previously  [5].  Bg.  2  shows  the  first  vibration  mode  of  the 


Hg.  2.  Hnt  vibntioii  mode  of  the  eymbel  traosdiioer  ehowiag  the  cap 
deflectiaa  when  (a)  the  cetamic  is  conneting,  and  (b)  when  the  ceniiuc  is 
espanding.  The  size  is  also  showa  here. 


cymbal  transducer  as  calailated  by  the  ANSYS*  program, 
lliis  mode  is  the  (0,1)  or  ’^llnbreIla**  flexural  mode  of  the 
c^  The  dashed  lines  indicate  die  undeformed  shrqie. 

Bg.^  3  diows  die  eiqierimentaily  measured  admittance  and 
phase  asaftmetionof  fr^ueneyfor  a  brass  capped  cymbal  in 
the  ndghborfaood  its  fimdaneotal  resonance.  The  cap  was 
250pmthickandhadamaximumcavitydq)tb  of  320  pm.  A 
sharp,  smooth  peak  is  indicadve  of  a  good  quality  metal-to- 
ceramic  bond.  The  resonance  at  21  kHz  is  due  to  the  (0.1) 
vibration  mode  of  the  cap.  as  described  above. 


Rg.  3.  AdnutlMce  and  phase  as  a  function  of  frequency  for  a  brass 
capped  cymbal  transducer. 


The  first  resonance  finequency  of  a  fixed  size  cymbal 
transducer  but  with  different  cap  materials  is  shown  in  Fig.  4. 
It  appears  to  be  a  linear  function  of  the  ultrasonic  veloci^  of 
the  cap  material.  The  quantity  [E!/p(l-o^]'^  is  proportional  to 
the  resonance  frequency  of  a  thin  circular  plate  clamped  around 
its  edge  [6],  which  is  ^proximately  the  boundary  condition 
present  in  the  cymbaL  Experimentally  obtained  results  are 
included  for  comparison.  DiscrqKuicies  are  attributed  to  the 
inability  to  precisely  control  the  bonding  layer  width,  cavity 
diameter,  and  cavity  depth  (all  of  which  influence  the 
resonance  fiequmcy)  when  fabricating  the  samples.  These 
results  do  show,  however,  that  for  a  given  size  cymbal 
transducer,  the  fundamental  resonance  finequency  can  be  varied 
simply  by  changing  the  cap  material. 

liie  effective  coupling  coefficients  for  cymbals  with 
different  cap  materials,  both  calculated  and  experimentally 
determined,  are  shown  in  Fig.  5.  The  coefficient  is  solely  a 
function  of  the  Young’s  modulus  of  the  cap  material,  as 
opposed  to  the  resonance  frequency,  which  also  depends  upon 
the  density  and  Poisson’s  ratio.  The  model  underestimates  the 
experimentally  obtained  value  by  as  much  as  20%.  This  is 
most  likely  due  to  the  inability  to  adequately  model  tite 
bonding  layer.  The  experimentally  determined  coupling 
coefficients  are  probably  more  accurate  because  they  are  nearly 
equal  to  the  repotted  vtdue  for  a  class  V  flextensional  [4]. 


Fig.  4.  Effect  of  cap  materiab  on  the  fiist  resonance  frequency  of  the 
cymlnl  transducer.  Metal  names  or  elemental  symbols  are  shown. 


Hg.  5.  Effect  of  cap  materials  on  the  effective  coupling  coefficient  of  the 
cymbal  transducer.  Metal  names  or  elemental  symbols  are  shown. 


Fig.  6  shows  how  the  cap  thickness  influences  the 
resonance  frequency  of  the  cymbal  transducer.  These  results 
show  that  as  the  oq)  thickness  increases,  the  resonance 
frequency  also  increases.  This  is  because  the  caps  effectively 
become  “stiffer”  as  they  become  thicker. 

The  effect  of  the  cavity  depth  (i.e.  the  cap  shape)  on  the 
resonance  frequency  is  presented  in  Fig.  7.  As  the  cavity 
depth  increases,  a  corresponding  increase  in  the  resonance 
fr^uency  is  also  observed.  This  is  attributed  to  the  fact  that 
the  nodal  ring  associated  with  the  (0,1)  vibration  mode  of  the 
ap  moves  toward  the  center  of  the  ct^  as  the  cavity  depth 
increases,  thus  reducing  the  actively  vibrating  surface  area. 

Fig.  8  shows  how  the  cap  thickness  and  cavity  depth  affect 
the  effective  coupling  coefficient  (as  calculated  by  the 
ANSYS*  program).  The  data  show  that  the  cap  thickness  has 
relatively  little  effect  on  ken,  whereas  it  is  strongly  influenced 
by  the  cavity  depth. 

Figs.  9  and  10  show  the  effea  of  PZT  type  on  the 
resonance  fisquency  and  effective  coupling  coefficient, 
respectively.  These  calculated  results  show  that  the  PZT  type 
has  little  effea  on  the  resonance  frequency  of  the  cymbal 
transducer.  However,  the  transducers  with  softer  PZTs 
exhibit  slightly  higher  coupling  coefficients  than  those  which 
are  made  of  hard  PZT. 


Fig.  6.  Effect  of  brass  cap  thickness  on  the  first  resonance  frequency  of  a 
cymbal  transducer. 


brass  cap  cavity  depth  (pm) 

Fig.  7.  Effect  of  brass  cap  cavity  depth  on  the  first  resonance  frequency  of 
a  cymbal  transducer. 


IV  CONCLUSIONS 


brass  cap  thickness  Oun) 

too  200  300  400  SOO 


Rg.  S.  Effect  of  brass  cap  thickness  and  cavity  depth  on  the  effective 
oouphng  coefficient  of  a  c>'robal  transducer. 


PZTtype 

Hg.  9.  Effect  of  PZT  type  on  the  resonance  fluency  of  a  cymbal 
truuAioer  (with  brass  caps).  Results  are  from  FEA  calculatioBS. 


PCTtype 

Bg.  10.  Effect  of  FZT  type  on  the  effective  coupling  coefficient  of  a 
cyndMl  transducer  (with  brass  caps).  Resuhs  are  from  calculations. 


Both  the  fundamental  resonance  frequency  and  effective 
coupling  coefficient  of  a  cymbal  transducer  can  be  easily 
tailored  either  by  changing  its  endcap  material  or  varying  the 
cap  dimensions.  This  c^ability  gives  the  transducer  designer 
wider  flexibility  if  constrahied  by  size  or  materials 
limitations.  Studies  are  currently  underway  to  detennine  the 
efifect  of  water  loading  on  the  perfonnanoe  and  properties  of 
the  transducers. 
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Vibration  Modes  of  PZT  Hollow  Sphere  Transducers 
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Abstract  -  Millimeter  size  hollow  green  spheres 
have  been  formed  from  PZT-5  powder  slnrries  with  a 
coaxial  nozzle  process.  After  binder  burnout  and 
sintering,  the  spheres  were  poled  tangentially  with 
top-to-bottom  external  electrode  caps.  Principal 
modes  of  vibration  were  found  to  be  an  ellipsoidal, 
a  higher  order  circumferential  and  a  breathing  mode 
near  230  kHz,  350  kHz  and  700  kHz,  respectively. 
Coupled  modes  were  also  determined  at  higher 
frequencies  depending  on  the  electrode 
configuration.  These  same  modes  with  similar 
frequencies  were  obtained  from  the  finite  element 
analysis  of  the  spheres  using  the  ATILA  finite 
element  code,  and  experimental  results  were  shown 
to  be  consistent  with  the  modeling  study. 
Hydrostatic  piezoelectric  charge  coefficients  of  the 
spheres  were  measured  and  the  results  were  found  to 
vary  between  600  -  1,000  pC/N,  with  hydrophone 
figure  of  merit  (  dh  x  gh  )  between  70,000x10*1^  - 
135,000x10*15  m2/N  for  tangentially  poled  spheres. 
Previous  results  indicates  even  higher  values  for 
radially  poied  spheres. 

I.  Introduction 

For  over  40  years  lead  ziiconate  titanate  has  been  used  as 
the  main  piezoelectric  material  in  many  electromechanical 
transducer  applications  [1].  However,  bulk  PZT  ceramics 
were  unable  to  satisfy  the  requirements  of  the  underwater 
hydrophones  and  biomedical  ultrasound  applications  due  to 
their  low  hydrostatic  piezoelectric  charge  coefficient,  dh 
( =  ^33  +  2  d3i )  and  high  density  ( 7.9  g/cm? ),  which  causes 
an  acoustic  impedance  mismatch  between  the  transducer  and 
the  water,  or  human  body  (  density  «  1.0  g/cm^  ).  Those 
problems  have  been  overcome  by  coupling  the  ceramic 
material  with  polymers  [2]  which  causes  a  decrease  in  the 
density  of  the  structure  and  an  increase  in  the  sensitivity,  as 
well  as  with  metals  [3],  which  introduces  hollow  spaces  into 
the  structure  and  amplify  the  sensing  and  actuating 
characteristics  of  the  ceramic  by  redesigning  the  transducer. 

In  addition  to  the  sensing  and  actuating  characteristics,  and 
acoustic  impedance  matching,  the  directionality  of  these 
properties,  as  well  as  the  size  of  the  uansducer  has  often  been 


an  issue  for  certain  applications.  The  intravascular  image 
catheters,  today  widely  used  in  metficine  for  both  diagnostic 
and  surgical  purposes,  are  appropriate  examples,  where 
ultrasonic  transducers  are  utilized  for  both  guiding  the  catheter 
and  forming  the  image.  In  such  an  application  the  size  of  the 
transducer  must  correlate  with  the  size  of  the  catheter  and  the 
vessel  that  is  ping  to  be  imaged.  A  smaller  size  is  also 
needed  to  achieve  improved  resolution  and  higher  power 
densities.  Another  requirement  of  the  catheter  applications 
reveals  itself  with  the  problems  encountered  by  using  a  fiat 
piece  of  transducer  element  Such  an  elements  ability  to 
receive  an  ultrasound  pulse  is  limited  to  a  small  range  of 
angles  around  90°  to  the  receiver.  This  problem  was  addressed 
by  Vilkomerson  et  al.  [4]  and  tried  to  be  solved  by  using  a 
quasi-omnidirectional  PVDF  transducer  with  a  spherical 
geometry  deposited  on  a  spherical  brass  bead,  which  can  both 
receive  and  transmit  signals  independent  of  direction. 
Similarly,  Lockwood  et  al.  [5]  prepared  a  high  frequency 
transducer  from  a  thin  hemispherical  ceramic  dish  to  obtain  an 
inherently  focused  ultrasound  beam. 

A  spherical  transducer  with  omnidirectional  properties  has 
been  a  research  interest  for  other  applications  as  well  such  as, 
Navy-USRD  series  of  F-42  omnidinxtional  standard  ceramic 
transducers  [6].  Smaller  sizes  of  these  transducers  can  be  used 
in  flow  noise  studies  for  complex  surface  structures  in 
underwater  ultrasound.  Recently,  Fujishima  et  al.  [7]  reported 
larger  size  spherical  air  transducers  to  be  used  as 
omnidirectional  speakers. 

Millimeter  size  piezoelectric  hollow  sphere  transducers, 
so-called  bucking  balls  (BBs),  described  in  this  paper  and 
reported  elsewhere  by  Meyer  et  al.  [8],  not  only  satisfy  the 
size,  omnidirectionality  and  density  ("1.3  g/cm^)  requirements 
but  they  were  shown  to  have  orders  of  magnitude  higher 
hydrostatic  sensitivities  over  bulk  PZT  [9]. 

In  this  paper,  results  of  the  dielectric  and  hydrostatic 
piezoelectric  charge  coefficient  measurements  of  thrro  types  of 
non-symmetric  electrode  configurations  of  tangentially  poled 
hollow  sphere  transducers  are  presented.  Vibration  mo^  and 
their  resonance  frequencies  are  identified  using  AULA  finite 
element  code,  and  the  results  of  the  modeling  study  are 
compared  with  that  of  the  experiments. 
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II.  Fabrication  of  piezoelectric  hollow  sphere 

TRANSDUCERS 


Thin  wall  hollow  green  spheres  were  fabricated  at  room 
temperature  using  a  coaxial  nozzle  process  by  extruding  a 
liquid  through  an  annular-cross-section  nozzle  with  a  gas  jet 
providing  a  ballooning  effect.  This  process  was  originally 
developed  by  Torobin  [10]  to  mass  produce  large  numbers  of 
ceramic  and  metal  spheres.  In  the  fabrication  of  BBs  a  fine¬ 
grained  slurry  of  PZT  is  prepared  from  PZT-501 A  (Ultrasonic 
Powders,  Inc.)  powders,  and  Poly(methyl  methacrylate), 
PMMA  is  used  as  the  binder  and  acetone  as  the  dispersant. 
The  Torobin  process  is  shown  to  be  a  flexible  fabrication 
technique  for  mass  production  of  hollow  spheres  with  various 
composiuons  and  dimensions. 


(a)TYPE-A  (b)TYPE.B 


Firing  of  the  green  spheres  includes  a  binder  burnout  step 
at  550®C  for  30  minutes  and  a  sintering  step  at  1285®C  for  90 
minutes.  A  previous  physical  characterization  study  on  the 
sintered  spheres  by  Fielding  et  al.  [11]  concluded  that  thin 
wall  spheres  contain  microcracks  and  substantial  porosity. 
The  wall  thickness  was  also  found  to  be  larger  than  expected. 
However,  improvements  in  the  process  will  be  undertaken  to 
minimize  these  defects. 

A  thin  layer  of  gold  was  deposited  as  the  external  top  and 
bottom  electrodes  with  electrode  gaps  between  them.  Silver 
electrical  lead  wires  were  attached  to  the  electrodes  using  E- 
solder  #3021  (Insulating  Materials,  Inc).  Spheres  were  then 
dip-coated  with  polyurethane  (Dexter  Hysol  us-0089)  for 
insulation  and  to  provide  strength  for  the  hydrostatic 
measurements.  Poling  was  carried  out  with  a  tangential  (top- 
to-bottom)  poling  field  of  20  kV/cm  at  120®C  for  4  minutes 
in  a  silicone  oil  bath.  Three  types  of  non-symmetric  electrode 
configurations  were  investigated  (see  figure- 1 ).  Four  samples 
for  each  electrode  configuration  were  prepared  and  evaluated  in 
order  to  increase  the  accuracy  of  the  results  of  the 
measurements.  The  results  reported  in  this  paper  are  average 
values  of  the  measurements  taken  from  several  samples  and 
vary  within  15  %  range. 

m.  The  hnite  element  code  -atila" 

AULA  is  developed  at  the  Acoustics  Department  at  ISEN 
specifically  for  modeling  sonar  transducers  [12].  A  static 
analysis  can  be  performed  which  provides  information 
concerning  prestresses,  and  the  behavior  under  hydrostatic 
pressure.  A  modal  analysis  can  be  done  where  vibration 
modes,  their  resonance  frequencies  and  associated  coupling 
factors  can  be  determined.  Finally,  the  in-air  or  in-water 
impedance  and  displacement  field,  the  Transmitting  Voltage 
Response  and  the  directivity  patterns  of  a  sonar  can  be 
modeled  through  a  harmonic  analysis. 


(c)TYPE-C 


Fig.  1 .  Electrode  configurations  of  the  tangentially  poled 
piezoelectric  hollow  sphere  transducers 

rv.  Results  and  discussion 

A.  Dielectric  Characterization 

Dielectric  property  measurements  were  performed  at  1 .0 
kHz  and  l.O  Volt  using  an  HP  4275-A  Muld-frequency  LCR 
Meter.  Average  capacitance  values  of  2.5  to  10  pF  are 
measured,  (see  table- 1).  Considering  the  fact  that  the  sphere 
walls  are  not  free  of  defects  those  values  are  in  fair  agreement 
with  the  calculated  values  of  6  to  10.5  pF  using  a  cylindrical 
tube  approximation  [8] : 

c  =  e,£o^LLlEL±IoI  (1) 

d 

The  capacitance  of  the  tangentially  poled  spheres  were  found 
to  be  highly  dependent  on  the  electn^e  size  and  uniformity. 

B,  Modes  of  Vibration  of  Tangentially  Poled  Transducers 


In  this  study,  ATILA  is  used  to  determine  the  modes  of 
vibration  for  each  electrode  configuration,  along  with  the 
resonance  and  antiresonance  frequencies  of  these  modes. 
Calculated  results  were  presented  as  admittance  vs.  frequency 
spectra,  and  compared  with  the  experimental  results. 


The  evaluation  of  the  polarization  behavior  of  a 
tangentially  poled  sphere  with  finite  element  method  clearly 
indicates  that  only  the  unelectroded  region  between  the 
electrode  caps  is  tangentially  poled,  and  the  material  under  the 


electrodes  is  unpoled  and  inactive  .From  this  result  the  size 
of  the  electrode  gap  is  expected  to  control  the  dielectric  and 
acoustic  properties  of  the  transducer. 

The  finite  element  analysis  of  the  tangentially  poled 
spheres  indicates  that  the  principal  modes  of  vibrations  are  : 
an  ellipsoidal  mode  -ellipsoidal  distortion  of  the  sphere-  with 
a  resonance  frequency  of  around  240  kHz,  a  higher  order 
circumferential  mode  -buckling  of  the  sphere  wall-  at 
ftequencies  between  300  to  400  kHz  and  a  breathing  mode 
-volumetric  contraction  and  expansion  of  the  sphere-  at  around 
600  kHz.  Higher  frequency  coupled  modes  were  also  obtained 
from  the  finite  element  analysis.  Comparison  of  the 
admittance  vs.  frequency  spectra  calculated  by  ATTT  .A  and 
obtained  from  the  measurements  for  a  type-C  sphere  is  shown 
in  figure-3  as  an  example. 


frequency  (kHz) 
(a)  calculated 


Frequency  (kHz) 


The  calculated  and  measured  resonance  and  antiresonance 
frequencies  are  also  given  in  table-2  for  all  three  types  of 
electrode  configurations.  It  is  clearly  seen  from  the  figure  and 
the  results  that  there  is  a  close  match  between  the  model  and 
the  experimental  results  for  the  three  main  modes  of 
vibration.  However,  this  is  not  true  for  the  coupled  modes. 
The  discrepancies  between  the  model  and  the  measurements 
are  attributed  to  the  non-uniform  wall  thickness  of  the 
spheres.  Since  these  higher  frequency  modes  results  from  a 
coupling  between  either  the  ellipsoidal  and  thickness  mode, 
or  the  circumferential  and  the  thickness  mode,  a  non-uniform 
wall  thickness  can  be  expected  to  influence  the  resonance 
frequency  of  that  particular  mode  and  yield  broad,  smooth 
admittance  peaks.  Each  major  peak  in  the  admittance  spectra 
was  also  studied  using  ATILA  and  the  displacement  fields  of 
the  main  vibration  modes  are  shown  in  figure-3.  In  the  figure 
the  dashed  lines  shows  the  rest  position  and  the  solid  lines 
shows  the  drive  position. 


(a)  Ellipsoidal  mode  (fr  -  240  kHz) 


:  b )  Higher  order  circumferential  mode  (fj  =  300  -  400  kHz) 


(b)  observed 

Fig.2.  Admittance  spectra  of  a  tangentially  poled  PZT 
hollow  sphere  ( electrode  configuration  :  Type-C ) 


(c)  Breathing  mode  (fj  -  600  kHz) 

Fig.3.  Main  modes  of  vibration  of  a  tangentially  poled  PZT 
hollow  sphere  (displacements  with  an  arbitrary  amplitude) 


C  Hydrostatic  Sensitivity  Measurements 


TABLE-2. 

COMPARISON  OF  THE  CALCULATED  AND  MEASURED  RESONANCE 
FREQUENCIES 


In  order  to  evaluate  the  hollow  sphere  transducers  for 
possible  underwater  applications  as  hydrophones  the 
hydrostatic  piezoelectric  charge  coefficient  (dh)  of  the  spheres 
were  measured  in  an  oil  pressure  chamber  under  hydrostatic 
pressures  from  100  to  1,000  psi  with  a  30  Hz  stimulus.  A 
PZT  disc  was  also  measured  to  compare  the  BBs  with  bulk 
material.  From  these  results  hydrostatic  piezoelectric  voltage 
coefficient  (gh)  and  hydrophone  figure  of  merit  of  the  spheres 
were  calculated  using  the  following  equations.  The  results  are 
given  in  table- 1  and  plotted  in  figure-4 


It 

(2) 

figure  of  merit  =  dhXgh 

(3) 

pressure  (psi) 

Fig.4.  Hydrostatic  sensitivity  of  the  PZT  hollow  spheres 

Evaluation  of  the  results  indicates  that  tangentially  poled 
BBs  possess  3  orders  of  magnitude  higher  hydrophone  figure 
of  merit.  Even  higher  values  have  been  reported  by  Alkoy  et 
al.  [9]  for  radially  poled  spheres.  The  amplification  of  dh  and 
figure  of  merit  results  from  the  spherical  geometry  and  the 
unique  electrode  designs.  A  detailed  discussion  along  with  a 
simplified  model  is  given  elsewhere  [9] 


TABLE-l. 

COMPARISON  OF  THE  DEELECTOC  AND  PIEZOELECTRIC  PROPERTIES 


Type 

Bulk 

Tangentially  poled  spheres  | 

Property 

PZT-5A 

Tvpe-A 

Tvpe-B 

Type-C 

electrode  gap  d  (mm  ) 

n/a 

0.77 

1.06 

1.81 

electrode  height,  h  (mm) 

n/a 

0.75 

1.38 

0.84 

Capacitance.  C  (  pF  ) 

131.0 

5!75 

4.i 

2.6 

Dielectric  loss,  tan  5 

0.017 

0.017 

0.022 

0.014 

Dielectric  constant, 

1,622 

SIS 

8(35 

789 

Hydrostatic  piezoelectric 
charge  coefficient  dh 
(pC/N) 

30 

630 

736 

56S“ 

Hydrophone  figure  of  merit. 
dhXgh  (  10- '5  m^/N) 

60 

>U54 

133,640 

Type 

Vibration  mode 
and  resonance 
frequency  (kHz) 

1  Type-A 

_ Typ«-B _ 

1  'I'ype-^  1 

FEA 

Exp. 

F£A 

miu 

H 

mssM 

Higher  order 
circumferential 

in^ 

■1 

290 

mg 

gm 

Kan 

mam 

UIEM 

1.000 

not 

found 

980 

HI 

mg 

1,660 

2,520 

1.^66 

2,870 

H 

U80 

1,840 

2.210 

V.  Conclusions 


Miniature,  hollow  sphere  piezoelectric  transducers  were 
prepared  using  an  inexpensive,  flexible  slurry-coaxial  nozzle 
process.  Three  different  electrode  configurations  for  tangential 
poling  of  the  spheres  were  examined  through  dielectric, 
piezoelectric  measurements,  and  using  ATTLA  finite  element 
code.  The  main  modes  of  vibration,  regardless  of  the  electrode 
configuration,  were  determined  to  be  ellipsoidal,  higher  order 
circumferential  and  breathing  modes.  Higher  frequency 
coupled  modes  were  also  observed.  Compared  to  bulk  PZT, 
much  higher  dh  and  hydrophone  figure  of  merit  are  obtained . 
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Abstract:  Miniature  piezoelectric  transducers  were 
prepared  from  millimeter  size  hollow  spheres  which  have  been 
formed  from  PZT-5A  powder  slurries  with  a  coaxial  nozzle 
process.  After  sintering,  the  spheres  were  poled  in  two  ways: 
radially  and  tangentially.  Principal  modes  of  vibration  were 
found  to  be  a  breathing  mode  near  700  kHz  and  a  thickness 
mode  near  13  MHz  for  the  radially  poled  spheres,  and  an 
ellipsoidal,  a  circumferential  and  a  bteathing  mode  near  230 
kHz,  350  kHz.  700  kHz,  respectively  for  tangentially  poled 
spheres.  Coupled  modes  were  also  observed  at  higher 
frequencies.  These  same  modes  with  similar  frequencies  were 
obtained  from  finite  element  analysis  using  the  ATILA  FEM 
code,  and  experimental  results  were  shown  to  be  consistent 
with  the  modeling  study.  Hydrostatic  dh  coefficients  were 
found  to  vary  between  700  -  1,800  pC/N  which  arc  orders  of 
magnitude  higher  than  the  dh  of  bulk  PZT.  The  hydrophone 
figure  of  merits  (dh^gh)  calculated  to  be  between  68,000  - 
325,000  •10*-*^  m^/N  for  various  types  of  poled  spheres. 
Tliese  values  are  three  orders  of  magnitude  higher  than  the  bulk 
PZT  figure  of  merit.  Potential  applications  include  ultrasonic 
imaging,  non-destructive  testing  and  hydrophones. 


Ingodtfctipn 

Lead  zirconate  titanate  (PZT)  based  ceramics  have  been 
the  leading  piezoelectric  materials  for  electromechanical 
transducers  for  the  last  40  years.  [1]  However,  for  both 
underwater  hydrophones  and  biomedical  ultrasound 
applications  bulk  PZT  is  a  poor  material  for  several  reasons. 
The  hydrostatic  piezoelectric  charge  coefficienu  dh  (=d33+2d3i) 
of  PCT  is  very  low  due  to  the  opposite  signs  of  d33  and  d3|. 
The  hydrostatic  piezoelectric  voltage  coefficient,  gh  (=dh/Sr*fio) 
is  also  low  because  of  the  high  dielectric  constant,  Er.  of  PZT. 
In  addition  to  those  drawbacks,  ±e  acoustic  impedance 
matching  of  PZT  with  water  and  the  human  body  (density  • 
1.0  g/cm^  )  is  poor  due  to  the  high  density  (7.9  gfew}  )  of  bulk 
PZT. 

Since  the  I980*s  attempts  have  been  made  to  overcome 
those  problems  by  coupling  the  ceramic  material  with  polymers 
(2JI  and  metals  [4,5],  and  introducing  hollow  spaces  into  the 
transducer  structure.  These  studies  succeeded  in  improving  the 
hydrostatic  piezoelectric  properties  by  decreasing  the  density  of 
the  transducer,  and  by  amplifying  the  sensing  and  actuating 
characteristics  of  the  ceramic  by  redesigning  the  transducer.  In 


developing  new  transducers,  the  biological  world  has  often 
been  used  as  the  inspiration  for  innovative  ideas  and  new 
designs.  Sharks,  fish  and  the  other  inhabitants  of  the 
underwater  world  •  the  way  they  talk  and  listen  -  can  be 
imitated  in  piezoelectric  transducer  designs. 

The  piezoelectric  hollow  sphere  transducers  described 
in  this  paper  and  elsewhere  [6]  are  modeled  after  the  inner  ear 
of  a  fish.  The  inner  ear  is  made  up  of  inenia-sensing  chambers 
resembling  accelerometers.  Within  each  chamber  is  a  dense  ear 
stone  (otolith)  which  vibrates  in  a  near  field  sound  wave.  The 
inertia  of  the  ear  stone  causes  it  to  lag  behind  the  motion  of  the 
fish,  and  to  push  against  the  hair  cells  lining  the  chamber 
(sacculus).  On  bending,  the  hair  ceil  membranes  deform, 
stimulating  neural  transmissions  to  the  brain.  Connections  to 
the  swim  bladder  of  the  fish  fiinher  improve  the  sensitivity  to 
far^field  sound.  (7] 

Smaller  sizes  are  needed  to  achieve  improved  resolution 
and  higher  power  densities  for  intravascular  image  catheters  in 
biomedical  ultrasound,  flow  noise  studies  for  complex  surface 
struemres  in  underwater  ultrasound,  and  embedded  sensors  for 
nondestructive  evaluation.  Millimeter  size  piezoelectric  hollow 
sphere  transducers  (BBs)  not  only  satisfy  these  size 
requirements,  but  also  possess  omnidirectionality  and  low 
density  (  *  1.3  g/cm^ ),  both  of  which  are  inherent  to  the  unique 
structure  and  design  of  the  transducer,  and  both  has  been  cited 
as  advantages  for  a  transducer  for  certain  applications.  [8,9] 

In  this  paper,  several  poling  and  electroding 
configurations  for  the  hollow  sphere  transducers  arc 
introduced.  Results  of  the  dielectric  and  hydrostatic 
piezoelectric  charge  coefficient  measurements  are  presented. 
Vibration  modes  and  their  resonance  frequencies  are  identified 
by  the  ATILA  finite  clement  analysis  code  and  the  results  of 
the  modeling  study  are  compared  with  the  experimentally 
obtained  admittance  spectra. 

Fabrication  of  P7T  hollow  sphere  transducers 

Green  PZT  spheres  are  prepared  usifig  a  fabrication 
technique,  which  was  developed  by  Torobin  [10]  to  produce 
large  numbers  of  ceramic  and  metal  hollow  spheres.  A  fine¬ 
grained  slurry  of  PZT-501A  (Ultrasonic  Powders,  Inc.)  is 
prepared  and  injected  through  a  coaxial  nozzle  with  air  passing 
through  the  center  tube.  The  slurcy  exits  the  nozzle  in  a  hollow 
cylindrical  form,  but  the  bottom  later  closes  due  to  the  surface 
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tension  and  hydrostatic  pressure.  The  closed  cylinder  is  inflated 
into  a  bubble  by  the  inner  air  pressure  umill  the  pressure  equals 
that  of  the  cylinder.  At  this  critical  pressure  the  bubble  closes, 
and  the  sphere  breaks  free.  The  Torobin  process  is  shown  to  be 
a  flexible  fabrication  technique  for  hollow  spheres  with  various 
compositions  [11,12].  It  also  allows  us  to  tailor  the  size  ( 1  to 
6  mm  in  diameter)  and  the  wail  thickness  ( 12  to  150  p-m)  of  the 
spheres  by  changing  the  viscosity  and  air  jet  velocity. 

The  green  spheres  are  fired  at  550®C  for  30  minutes  for 
binder  burnout,  followed  by  sintering  at  1285®C  for  90 
minutes.  Sintering  is  performed  in  a  closed  alumina  crucible  in 
a  bed  of  P2rr  powder  to  minimize  lead  loss  from  the  spheres. 
A  physical  characterization  study  by  Fielding  ct.al.  [13] 
concluded  that  spheres  with  a  sintered  diameter  of  -  2,76  mm 
and  a  mean  wail  thickness  of  80  pm,  contain  microcracks  and 
substantial  porosity.  The  wall  thickness  variation  was  also 
found  to  be  larger  than  expected,  ranging  from  40  to  100  pm. 
Improvements  in  the  fabrication  process  will  be  undertaken  to 
minimize  these  defects  and  wall  thickness  variations,  since  they 
degrade  the  dielectric  properties  and  disturb  the  vibrations  of 
the  transducer. 

Two  poling  configurations  have  been  studied:  radial 
;  poling  with  inside  and  outside  electrodes,  and  lop-to-bottom 
poling  with  two  external  cap  electrodes,  (see  figure- 1 ).  For  the 
lop-to-botiom  poling  three  symmetric  electrode  configurations, 

^  with  electrode  gap  dimensions  (d):  d  =  0.79  mm  (Type- 1), 
d  s  1.38  mm  (Type-2)  and  d  =  1.71  mm  (Typc-3)  were 
investigated.  The  effect  of  increasing  the  poled  regions  on  the 
capacitance,  vibration  modes  and  hydrostatic  sensitivity  of  the 
transducer  was  examined. 

For  radial  poling  Conductive  Silver  200  (Dcmeiron 
GmbH)  was  used  as  the  inner  electrode  after  drilling  an 
electrode  hole  iimh  a  diameter  of  about  450  pm  prior  to  the 
binder  burnout  step.  Silver  electrical  lead  wires  were  attached 
and  the  electrode  hole  was  sealed  using  E-solder  #  3021 
(Insulating  Materials.  Inc.)  silver  epoxy  adhesive.  A  thin  layer 
of  gold  was  deposited  as  the  external  electrode  for  both 
configurations.  Spheres  were  then  dip-coated  with 
polyurethane  (Dexter  Hysol  us-0089)  for  insulation  and  to 
provide  strength  for  the  hydrostatic  measurements.  Poling  was 
carried  out  with  an  electric  field  of  20  kV/cm  at  120®C  in  a 
silicone  oil  bath. 

Three  samples  for  each  electrode  configuration  were 
prepared  and  evaluated  in  order  to  increase  the  accuracy  of  the 
results  of  the  dielectric,  piezoelectric  and  hydrostatic  property 
measurements.  The  results  reported  in  this  paper  are  average 
values,  and  they  arc  within  ±  15  %  range  of  the  results  of  the 
measurements  taken  from  several  samples. 


ATILA  is  a  finite  element  code  developed  by  the 
Acoustics  Department  at  ISEN  for  the  modeling  of  sonar 
transducers.  It  can  provide  information  concerning  prcstresscs, 
and  the  behavior  under  hydrostatic  pressure  (static  analysis). 


together  with  the  resonant  frequencies  and  modes  and  the 
associated  coupling  factors  (modal  analysis),  the  in-air  or  in¬ 
water  impedance  and  displacement  field,  the  Transmitting 
Voltage  Response  and  (he  directivity  patterns  (harmonic 
analysis).  [14-16] 


Figure- 1  (ah  Radial  poling  configuration 
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In  our  siudy,  ATILA  is  used  to  identify  the  modes  of 
vibration  and.  to  detenninc  the  resonance  and  aniiresonance 
frequencies  of  these  modes  for  different  electrode 
configurations.  The  resultant  calculated  admittance  vs. 
frequency  spectra  are  compared  with  the  experimental 
measurements  obtained  using  an  HP  4194-A  Impedance/Gain 
Phase  Analyzer. 

Results  and  DLscussion 

Dielectric  Characterization :  Dielearic  propcnics  of  the 
transducers  were  measured  using  a  HP  4275-A  Multi- 
frequency  LCR  Meter  at  l.O  kHz  and  1.0  Volt.  For  radially 
poled  spheres  a  typical  capacitance  value  of  2.900  pF  .  and  a 
dielectric  loss  of  0.020  were  measured.  An  average  dielectric 
constant  (8r)  of  about  1,000,  somewhat  lower  than  the  typical 
value  of  1,850  for  UPI 501 A  powders,  was  calculated  from  the 
capacitance  using  the  following  equation  for  a  spherical 
capacitor  [6] : 

This  lower  than  expected  dielecuic  constant  can  be  aiiributcd  to 
wail  thickness  variations,  incomplete  inner  electrode,  and  the 
defects  observed  in  the  sphere  wall  (13].  In  the  case  of  top-to- 
bottom  poled  spheres,  capacitance  values  ranging  from  3  to  7 
pF  is  measured,  (see  table- 1).  Those  values  are  in  fair 
agreement  with  the  calculated  values  of  9  to  11  pF  using  a 
cylindrical  tube  approximation  [6] : 

(2) 

d 

As  expected,  the  capacitance  of  top-to-bonom  poled  spheres  is 
highly  dependent  on  the  electrode  size  and  uniformity. 


Modes  of  vibration  of  radiaU\LPQ led  transducers:  Finite 
Element  Analysis  (FE.^)  of  a  radially  poled  hollow  sphere 
suggests  tw  o  principal  modes  of  vibration,  shown  in  figure- 
2(a)  in  the  calculated  admittance  spectra.  The  first  mode  is  a 
volumetnc  expansion  and  contraction  of  the  sphere,  the  so- 
called  breathing  mode  utilizing  d3i.  The  resonance  and 
aniiresonance  frequencies  of  the  mode  are  calculated  as  620±10 
kHz  and  780±10  kHz,  respectively.  Using  the  relation  ( 17] 


the  planar  coupling  factor  (kp)  is  calculated  as  0.61  from  the 
FEA  results.  The  second  vibration  mode  is  identified  as  the 
wall  thickness  mode  of  the  sphere,  and  the  predicted 
frequencies  are  fr  *  2U  MHz  and  f|  s  24.0  MHz. 

In  comparison  to  the  FEA  results,  an  admittance  spectra 
obtained  from  radially  poled  sphere  transducer  with  a  -  650  |im 
diameter  electrode  hole,  and  with  an  inner  radius  (rO  =  1.30 
mm,  outer  radius  (to)  =  133  mm,  and  an  average  wall 
thickness  it)  *80  \im  is  shown  in  figure-2(b).  The  expenmental 
measurements  agree  well  with  the  FEA  results.  For  the 
breathing  mode  the  average  resonance  and  antiresonance 
frequencies  are  633  kHz  and  b86  kHz.  respectively.  Since  the 
breathing  mode  frequency  is  mainly  controlled  by  the  diameter 
of  the  sphere  [6],  the  close  agreement  between  the  calculated 
and  measured  values  indicates  fairly  uniform  dimensions  for 
the  spheres.  The  planar  coupling  factor  is  calculated  as  0.38 
from  these  measurements.  The  difference  between  the 
calculated  and  observed  values  of  kp  is  attributed  to  the 
electroding  problems  of  the  inner  sphere  surface.  However, 
the  resonance  and  antiresonance  frequencies  of  13.4  MHz  and 
13.8  MHz,  respectively,  for  the  thickness  mode  vibration 
-  which  is  determined  from  the  sample  given  in  figure-2.fb)  -  is 
quite  different  from  the  values  suggested  by  FEA.  The 


Table- 1.  Comparison  of  the  diclecaic  and  piczoeiecinc  propenies 


.  ..  'Type 

PropertT 

Bulk 

PZT-5A 

Top- to- bottom  poled 

radially 

type.l 

tTpe-2 

tTpe-3 

poled 

electrode  eao  d  f  mm ) 

n/a 

0.79 

1.38 

1.71 

n/a 

Capacitance.  C  ( pF ) 

131.0 

6.9 

3.7 

3.0 

2.900 

Dielectric  loss,  tan  5 

0.017 

0.027 

0.071 

0.026 

0.020 

Dielectric  constant.  £r 

1.622 

909 

861 

869 

1.000 

Hydrostatic  piezoelectric  charge 
coefficient  dh  ( oC/N ) 

30 

743 

788 

870 

1,800 

Hydrophone  figure  of  mcni 

60 

68.677 

81.659 

98.610 

324.000 

#  valid  only  for  top-to-bonom  poled  uansducers 
®  determined  at  KX)  psi  and  30  Hz 
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31. 2  to.  I  MHz 


(b)  observed 


FiPiiTe-3  Adminance  spectra  of  a  radially  poled  PZT  hollow  sphere  transducer 


thickness  mode  itself  has  only  been  detected  in  a  few  of  the 
samples,  and  the  samples  which  possess  a  detectable  thickness 
mode  reveal  this  response  as  a  smooth,  broad  peak  in  the 
admittance  spectra.  This  discrepancy  between  the  calculated  and 
observed  values  is  due  to  the  large  wall  thickness  variations 
within  each  sphere  as  repotted  previously  [13]. 


Modes  of  vibration  of  top-to-hottom  poled  transducers  : 
Finite  element  analysis  of  the  top-to-bottom  poling 
configuration  indicates  that  only  the  unelectroded  region 
between  the  electrode  caps  is  tangentially  poled,  and  the  regions 
under  the  electrodes  are  unpoled,  inactive  regions  (see  figure- 
3).  Therefore,  the  electrode  gap  is  expected  to  control  the 


-60 


Figurro.  Polarized  region  of  a  top-to-bottom  poled  sphere 


dicleciric  and  acoustic  properties  of  the  transducer.  Three  types 
of  top*to-bottom  poled  spheres  with  increasing  electrode  gap 
dimensions  were  studied.  The  principal  mode  of  vibration 
under  investigation  for  lop-to-bottom  poling  configuration  is 
the  ellipsoidal  distortion  of  the  sphere.  However,  FEA  results 
indicate  the  presence  of  two  other  modes  in  addition  to  the 
ellipsoidal  mode,  namely  a  higher  order  circumferential  mode 
and  a  breathing  mode,  together  with  higher  frequency  coupled 
modes.  The  admittance  spectra  obtained  from  FEA  for  a  Type- 
3.  sphere  with  the  largest  electrode  gap  is  compared  with  the 
cxpenmentaily  obtained  spectra  in  figure-l.  Each  major  peak  in 
the  spectra  was  studied  by  FEA  and  the  displacement  fields  of 
these  vibrations  are  shown  in  figure-5. 
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Eigueg--^  Admittance  spectra  of  a  top-to-botiom  poled  PZT 
hollow  sphere  transducer 


The  calculated  and  experimental  resonance  and 
antiresonance  frequencies  of  all  three  types  of  transducers  arc 
given  in  tablc-2  .  It  is  clear  from  these  values  that  there  is  a 
close  match  between  the  modeling  and  the  measurements  for 
the  three  main  vibration  modes.  However,  in  the  case  of  the 
coupled  vibration  modes,  the  measured  frequencies  differ 
significantly  from  the  values  calculated  by  FEA.  This  is 
attributed  to  the  non-uniform  wall  thickness  of  the  spheres. 
Since  these  vibrations  are  a  result  of  the  coupling  between 
either  the  ellipsoidal  and  thickness  modes,  or  circumferential 
and  thickness  modes,  the  wall  thickness  variation  is  expected  to 
strongly  influence  these  coupled  modes. 

Another  result  obtained  from  the  experiments  and 
confirmed  by  the  FEA  is  the  introduction  of  new  higher  order 
circumferential-thickness  coupled  modes  created  by  decreasing 
the  electrode  separation  (see  tabte-2). 


Effect  of  Polymer  Coating  :  Prior  to  the  hydrostatic 
measurements  the  spheres  are  dip-coated  with  polyurethane. 
Admittance  spectra  of  a  radially  poled  sphere  recorded  before 
and  after  the  polymer  coating  are  shown  in  ftgure-b.  It  is  found 
that  the  polymer  coating  has  a  clamping  effect  on  the  spheres, 
which  shows  itself  as  a  decrease  in  the  peak  amplitude  of  the 
breathing  mode,  and  a  smoothing  of  the  spectrum.  A  similar 
effect  is  observed  for  the  top-to-boitom  poled  spheres 
accompanied  by  a  slight  shift  of  ellipsoidal  and  breathing 
modes  to  lower  frequencies.  This  shift  is  about  10  kHz  for  the 
ellipsoidal  mode,  and  20-40  kHz  for  the  breathing  mode. 

Hydrostatic  sensitivity  measurements  :  As  part  of  the 
transducer  characterization,  hydrostatic  measurements  were 
carried  out  on  poled  and  coated  hollow  spheres  for  possible 
application  as  underwater  hydrophones.  The  hydrostatic 
piezoelectric  charge  coefficient  (dh)  was  measured  in  an  oil  bath 
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Table»2.  CoTOarison  of  the  calculated  and  measured  resonance  frequencies 


Type 

Vibration  mode  & 
r^onance  frequency  (kHz) 

Type-1 

Type-2 

Type-3 

Radial  | 

FEA 

pxp. 

FEA 

Exp. 

FEA 

Exp. 

FEA 

Exp.  1 

Ellipsoidal  mode 

240 

235 

240 

221 

240 

233 

n/a 

n/a  1 

Higher  order  ciicumferentiai 

390 

380 

320 

308 

400 

358 

n/a 

n/a 

mode 

Breathing  mode 

590 

712 

590 

701 

590 

708 

620 

633 

Ellipsoidal  +  thickness  coupled 

980 

1.272 

980 

1,226 

980 

1,280 

n/a 

n/a 

|moGe 

1  Higher  order  drcumfcrcnnal  + 

1,630 

2,005 

1.680 

1,987 

1,750 

not 

n/a 

n/a 

1  thickness  coupled  mode 

2,330 

2,866 

2.480 

found 

1 

3.751 

at  hydrostatic  pressures  from  100  lo  LOGO  psi  with  a  30  Hz 
stimulus.  A  PZT  disc  is  used  to  calibrate  the  measurements. 
The  results  are  plotted  in  figure-7(a)  for  dh  vs  hydrostatic 
pressure. 

The  hydrostatic  piezoelectric  voltage  coefficient  (gh). 
and  hydrophone  figure  of  merit  of  the  spheres  are  defined  and 
calculated  from  the  measured  dh  values: 


II 

(4) 

figure  o  f  merit  -  di,*gh 

(5) 

rr  -  Porlir^  -  -  r^) 

’’  ”  r^(rf  -  rl)  rHrf  -  ri) 


(6) 


rr  _  P.r3(2r^  +  rf)  p,ri»(2r^  -  rj) 
2r»(rf-ri)  -  rl) 

where  Po  is  the  outer  hydrostatic  pressure.  Pi  is  the  inner 
hydrostatic  pressure  and  r  is  radius  at  which  the  stress  is 
evaluated.  For  a  thin-walled  shell  with  the  wall  thickness 
(tsTo-n  )  •  assuming  Pi  •  0,  the  above  equations  arc  simplified 
to  give  average  stresses  of: 


The  results  arc  plotted  in  figurc-7(b)  for  the  hydrophone  figure 
of  merit  vs.  hydrostatic  pressure.  The  measured  and  calculated 
values  for  both  dh  and  figure  of  merit  are  given  in  table- 1 . 
From  these  plots,  the  dh  values  of  the  RBs  arc  found  to  be  one 
to  two  orders  of  magnitude  higher  than  the  dh  of  bulk  PZT, 
with  the  radially  poled  BBs  displaying  the  highest  dh  of  all. 
Similarly  the  hydrophone  figure  of  merit  is  found  to  be  three 
orders  of  magnitude  higher  that  of  bulk  P2T.  Finally, 
evaluation  of  the  results  indicates  that  increasing  the  cicctrode 
separation  for  top-to-bottom  poled  spheres  results  in  an 
increase  in  the  hydrostatic  sensitivity. 

The  amplification  of  the  dh  and  figure  of  merit  lies  in  the 
geometry  of  the  spherical  BBs,  A  simplified  explanation  can  be 
derived  using  Timoshenko's  [18]  argument  for  the 
transformation  of  an  applied  hydrostatic  pressure  on  a  spherical 
shell  into  a  radial  stress  (Or)  and  two  tangential  stresses  (Gt). 
This  is  schematically  shown  in  figurc-8.  These  stresses  can  be 
calculated  using  the  following  relations 


Ox  =  -  8-89  •  Po  =  •  0.50  •  Po  •  (r/t)  (9) 

Or*- 0.50 -Po 

where  the  ratio  **r/r  is  the  stress  amplification  factor  which 
makes  hollow  spheres  important  as  a  sensor.  From  the  known 
relation  between  polarization  {P)  and  stress  (G) 

F3=d3i  •Gi  +d32*G2  +  d33*G3®-Po*dh  (^0 

Using  the  stress  configuration  in  figurc-8.  and  combining 
equation  (11)  with  equations  (8)  and  (9),  we  obtain  the 
following  relations : 

radialpoling  dh  ®  0.5  *  d33  4- 17.8  *  d3!  (12) 

top^to^bottom  poling  dh  =  8.89  ♦  d33  +  9.39  «  d3i  (13) 
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pressure 

Fitmrg-7.  Hydrostatic  sensitivity  of  the  PZT  hollow  spheres 


Cnnclusions 

Sfnaii  hollow-sphere  piezoelectric  transducers  can  be 
prepared  with  an  inexpensive  and  flexible  manufacturing 
process.  The  main  modes  of  vibration  for  radially  poled  PZT 
spheres  are  the  breathing  and  thickness  modes,  which  can  be 
tailored  over  a  frequency  range  of  200  kHz  to  20  MHz  by 
changing  the  diameter  and  the  wall  thickness.  The  main  modes 
of  vibration  for  top-io-bottom  poled  spheres  arc  ellipsoidal, 
higher  order  circumferential  and  breathing  modes.  Higher 
frequency  ellipsoidal  and  higher  order  circumferential  modes 
coupled  to  a  thickness  mode  are  also  observed.  Compared  to 
bulk  PZT.  much  higher  dh  and  hydrophone  figure  of  merits  arc 
obtained  from  the  hollow  sphere  transducer  design. 
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APPENDIX  46 


PIEZOELECTRIC  HOLLOW  SPHERES 
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•  lEMN  -  Depanement  I.S.E.N.,  41  Boulevard  Vauban.  59046  LEXE  Cedex,  Eqii££ 


Abstract 

W  T--"--  tiumitt  based  green  boHow  spheres  have  been  ed*  a  ec^al  norfe 

^ess  using  fine  grained  slurry  of  PZT-5.  FoUowing  the  binder  burnout  and  sintering,  toe 
soheres  were  poled  radially  and  tangentially  to  be  tested  as  ptczoclectnc  transducers.  For  to 
Stonily  poled  spheres  principal  inodes  of  vibration  were  tond  to  be  a  brei^g  mode  near 
Md  a  Leknes  mode  near  13  MHa.  For  toe  case  of  mgenn^y  poled  spheres  ^ 
^^es  of  vibrations  were  detemnned  as  an  ellipsoidal,  a  higher  octe  c^eramal  and 
rs^g  mode  near  230  kHa.  350  kHa  and  700  kHa.  respecnvely.  Higher  ireqoency 
Smies  wtoh  consist  of  coupling  between  ellipsoidal  and  thickness  m^es,  or  beween 
circumferential  and  toickness  modes  were  also  determined  for  langennally  poled  ^kOTS. 

XSetprcaTo^VlS^krnf”^^^^^^^^  - 

substantially  higherthan  the  bulk  PZr  dh  and  hydrophone  figure  of  ment. 

1.  Introduction 

Although  lead  ziiconate  titanatc  (PZT)  based  cerainics  have  been  6 

Tia^al  for  cietmomechanical  transduces  for  years,  re^h  m  the  last 
on  coutjline  these  ceramics  with  polymers  and  metals  to  overcome  some  of  the  problems 
associar^  ^th  the  bulk  material.  Those  problems  can  be  cued  as  the  hydrostanc  piezoetectnc 
charge  cocfficiem,  dh  ( =  dsj  +  2  dji)  of  P2T  which  «  very  low  due  m  ihe  ^ 

di-k  Sid  dll  the  hvdrostaric  piezoelectric  voltage  coefficient,  gh  (-  dh  /  Er  eo  )  which^a  low 

frp^'i*^wtTh=y^S-o"g;o^^^^^ 

some  oV  to^lu^ns  " 

^tag'a“d  «tuaring  characteristics  of  toe  transducer.  .Vevenheless.  diiecnonality  of  toom 
nmnenies  and  th“  of  the  transducer  has  often  been  cited  -as  a  cnici^  issue 

suet  as:  mnavascular  inmge  catoeterst31.  omnidirectional  hydrophones  [4]  and 

speakers  [5]. 

xf  ■  «;».rrv»cprric  hollow  sphcTe  transducers,  so  called  bucking  bails  (BBs),  desciib^ 
Miniature  piezoelec  w.™  al  161  were  d^sig"**^  to  satisfy  the  size,  directionality 

ha^andre^  c™^y  aielecriic 

Si  hy—  set^rivSy  measurements  are  presenmd  tor  several  n,.ea  of 

radially  and  tangentially  poled  spheres. 


Fabrication  of  the  Hollow  Sphere  Transducers 


Spheres  were  fabricated  at  the  Georgia  Institute  of  Technology  using  a  coaxial  nozzle 
process  based  on  the  Torobin  patent  [7].  The  process  is  originally  developed  to  mass  produce 
thin-wall  ceramic,  metal  and  glass  hollow  spheres  with  diameters  and  wall  thicknesses, 
ranging  from  I  to  5  mm  and  12  to  150  p-m.  respecriveiy.  The  fabrication  method  used  in 
producing  the  lead  rirconate  titanaie  based  hollow  spheres  includes  the  preparation  of  a  fine* 
grained  slurry  from  PZT-501A  powder  (Ultrasonic  Powders  Inc.).  Poly(mcihyl  methacrylate), 
RVIMA  and  acetone.  This  slurry  is  then  injected  through  a  coaxial  nozzle  with  inen  gas  passing 
mroush  the  center.  By  the  surface  tension  and  hydrostatic  forces  a  bubble  forms  and  breaks 
free.  The  binder  is  then  removed  from  the  spheres  by  a  binder  bum-out  step  at  550*0  for  30 
minutes,  funhermore  the  dcnsification  is  achieved  by  a  sintering  step  at  1285"C  for  90  minutes. 

A  physical  characterizadon  study  on  the  sintered  spheres  by  Fielding  et  al.(81  indicated 
that  the  spheres  contain  microcracks  and  substantial  porosity.  The  wall  thickness  variadon  was 
also  found  to  be  larger  than  expected,  ranging  from  40  to  100  pm.  Improvements  in  the 
fabrication  process  will  be  undertaken  to  minimize  these  defects  and  wall  thickness  varianons, 
since  they  degrade  the  dielectric  properdes  and  disturb  the  vibranons  of  the  transducer. 

Two  poling  configurarions  have  been  smdied:  radial  poling  with  inside  and  outside 
electrodes,  and  top-to-bottom  poling  with  two  external  cap  electrodes,  (see  figure- 1 ).  For  the 
top-to-bottom  poling  several  symmetric  and  nonsymmetric  electrode  confipradons  were 
investigated,  and  the  effect  of  increasing  the  poled  regions  on  the  capacitance,  vibradon  modes 
and  hydrostadc  sensidvitv  of  the  transducer  was  examined. 

For  radial  poling  Conduenve  Silver  200  (Dcmecron  GmbH)  was  used  as  the  inner  electrode 
after  drilling  an  electrode  hole  with  a  diameter  of  about  450  pm  prior  to  the  binder  burnout 
step.  Silver  electrical  lead  wires  were  attached  and  the  electrode  hole  was  sealed  using  E-soider 
#  3021  (Insulating  Materials,  Inc.)  silver  epoxy  adhesive.  A  thin  layer  of  gold  was  deposited 
as  the  external  electrode  for  both  configurarions.  Spheres  were  then  dip-coated  with 
poiyurethanc  (Dexter  Hysol  us-0089)  for  insulation  and  to  provide  strength  for  the  hydrostatic 
mc«uremcnts.  Poling  was  carried  out  with  an  eicccric  field  of  20  kV/cm  at  120®C  in  a  silicone 
oil  bath. 

Three  samples  for  each  electrode  configimrion  were  prepared  and  evaluated  in  order  to 
increase  the  accuracy  of  the  results  of  the  dielectric,  piezoelectric  and  hydrostatic  property 
measurements.  The  results  reported  in  this  p^r  are  average  values,  and  they  are  within  ±  15 
%  range  of  the  results  of  the  measurements  taken  from  several  samples. 

3.  ATILA  Finite  Element  Code 

ATILA  is  developed  at  the  Acoustics  Department  at  ISEN  specifically  for  modeling  sonar 
transducers  [9].  A  static  analysis  can  be  penormed  which  provides  infonnation  concerning 
ptcsticsses,  and  the  behavior  under  hydrostatic  pressure.  A  modal  analysis  can  be  done  where 
vibration  modes,  their  resonance  frequencies  and  associated  coupling  facton  can  be 
derermined.  Finally,  the  in-air  or  in-watcr  impedance  and  displacement  field,  the  Transmitting 
Voltage  Response  and  the  directivity  patterns  of  a  sonar  can  be  modeled  through  a  harmonic 

analysis. 


In  this  study.  .\TiLA  is  used  to  dcicrminc  the  modes  of  vibration  for  each  electrode 
configuration,  along  with  the  resonance  and  antircsonance  frequencies  of  these  modes. 
Calculated  results  were  presented  as  adndtiance  vs.  frequency  spectra,  and  compared  with  the 

experimental  results. 


(a)  Radially  Poled  (b)  Symmetric  Tangentially  Poled  (Type- 1. 2  &  3) 


(Type-4)  (Type-5) 

(c)  Non-symmetric  Tangentially  Poled 

F,g„re-1.  Electrode  and  poUng  connguradons  piezoelectric  hoUow  sphere  transducers 


Characterization  of  Spheres 


Dielectric  characterizarion  of  the  spheres  were  done  using  a  HP  4275-A  Multi-frequency 
LCR  Meter  at  1  0  kHz  and  1.0  VoIl  For  radially  poled  spheres  a  typical  capacitance  value  of 

‘’QOOpF  and  a  dielectric  loss  ofO.020  were  measured.  An  average  dielectric  consist  (Er)  of 

;^t  1  000.  somewhat  lower  than  the  typical  value  of  1.850  for  UPI  501A  powders,  was 
ftom  the  capacitance  using  the  following  equation  for  a  sphencal  capacitor  [6] : 


(1) 


This  discrepancy  between  the  calculated  and  measured  values  are  attributed  to  the  wall 
thickness  variations,  inner  electrode  quality  and  the  defects  in  the  sphere  wall  [8].  Similarly, 
capacitance  values  ranging  from  2.5  to  10  pF  were  measured  for  tangentially  poled  spheres 
(sec  able- 1).  Those  values  are  in  fair  agreement  with  the  calculated  values  of  6  to  1 1  pF  using 
a  cylindrical  tube  approximation  [6]: 

(2) 

a 

As  expected,  the  capacitance  of  the  tangentially  poled  spheres  were  found  to  be  highly 
dependent  on  the  electrode  size  and  uniformity. 


Table- 1.  Comparison  of  the  dielectric  and  piezoelectric  properties 


Type 

ProoeriY 

Bulk 

Too*to*bottom 

Doled 

radially 

PZT-5A 

tvpe-1 

tToe-2 

tvoe-4 

tvpe-5 

poled 

decnode gap. d  (nun) 

IV^ 

0.790 

1J80 

1.710 

1.060 

1.810 

n/a 

dectrodc  heiehu  h  ( mm  > 

n/a 

0.98S 

0.690 

0J25 

1.380 

0.840 

n/a 

Caoacixancc.  C  f  oF  ) 

131-0 

6.9 

3.7 

3.0 

4.5 

2.900 

Dielectric  loss,  tan  5 

0.017 

0.027 

0.071 

0.026 

0.022 

0.014 

0.020 

Didectnc  constant.  Er 

1.622  * 

909 

861 

869 

800 

789 

1.000 

Hydrosuuic  piezoelectric  charge 
cocfficicni  @ ,  dh  ( pC/N ) 

1 

30 

1 

743 

788 

870 

736 

966 

1.800 

• 

Hydrophone  figure  of  merit 
dh  X  Bh.  (  10*  m^/N  > 

60 

68.677 

81.659  ’ 

98,610 

76.464 

133.640 

324.000 

@  determined  at  100  psi  and  30  Hz 


4.2.  Mnries  nf  vihmrinn  f>f  radially  ooled  soheres  and  effect  of  electrode  bols 

Results  of  the  finite  clement  analysis  suggest  two  main  modes  of  vibration  for  the  radial 
poling  configuration.  These  arc  the  breathing  mode  and  the  thickness  mode  with  rcsonancc- 
antiresonance  frequencies  at  620-780  kHz  and  21.5-24.0  MHz,  respectively.  Experimental 
measurements  agree  well  with  the  calculations  for  breathing  mode.  The  measured  average 
rcsonancc-antircsonancc  frequencies  for  this  mode  are  633-686  kHz.  However,  similar 
agreement  could  not  been  obtained  for  the  thickness  mode.  This  mode  has  only  been  detected 
in  a  few  samples  as  a  smooth,  broad  peak  in  the  admittance  vs.  frequency  spectra  and  the 
frequency  range  was  13.4-13.8  MHz  for  resonance  and  antircsonance  frequencies, 
respectively.  This  discrepancy  between  the  calculated  and  measured  values  is  due  to  the  large 
wall  thickness  variations  within  each  sphere,  as  it  has  been  reported  by  Hclding  ct  al.  [8]. 


The  effect  of  the  presence  of  an  electrode  hole  on  the  vibrauon  of  the  spheres  was  also 
investigated  using  the  ATILA  code  and  the  results  suggest  that  the  hole  introduces  a  new  peak 
in  the  frequency  range  of  the  breathing  mode  at  750  kHz  tsee  iig.-2/a).  A  similar  secondary 
peak  was  also  observed  in  the  experimentally  obtained  admittance  vs.  frequency  spectrum  (see 
fig.-2/b).  This  secondary’  peak  w’as  studied  using  ATILA  and  the  displacement  field  of  the 
hollow  sphere  at  750  kHz  is  given  in  ngure-3  with  an  arbitrary  amplitude.  In  the  figure  the 
dashed  lines  correspond  to  the  rest  posirion  and  the  solid  lines  shows  the  drive  position. 


Fimre-3 .  Displacement  field  of  the  radially  poled  hoUow  sphere  with  hole  at  750  kHz 

(  with  an  arbitrary  amplitude ) 


4.3.  nf  vibration  of  tanyenriallv  poled  sphess 

Finite  element  smdies  on  the  spheres  with  top-to-bottom  electrode  configuration  conclud^ 
that  only  the  unclecmxled  region  between  the  electrode  caps  is  tangentially  polled  an^e 
material  under  the  electrodes  is  unpoled  and  inactive  [10].  Therefore,  the  size  of  the  electrode 
gap  is  expected  to  control  the  dielectric  and  piezoelectric  properties. 

Finite  element  analysis  of  the  tangentially  poled  spheres  indicates  the  main  of 

vibrations  as  an  elUosoidal,  a  higher  order  circumferential  and  a  breathing  mode  near  230 1^ 
350  kHz  and  700  kHz,  respectively.  Higher  frequency  modes,  which  consist  of  coupling 


between  ellipsoidal  and  thickness  modes,  or  between  circumferential  and  thickness  modes 
were  also  determined  for  this  poling  configuranon.  The  admittance  vs.  frequency  spectrum  of  a 
type-4  sphere  obtained  from  analytic  calculations  and  experimental  measurements  are  compared 
in  rtgure-4  as  an  example.  Comparison  of  the  results  indicate  that  there  is  a  close  march 
between  the  calculated  and  measured  values  for  the  rcsonance-antircsonance  frequencies  of  the 
three  main  modes  of  vibration.  However,  this  is  not  the  case  for  the  coupled  modes.  Since 
these  higher  frequency  modes  are  formed  as  a  result  of  a  coupling  between  the  ellipsoidal  and 
the  thickness,  or  the  circumferential  and  the  thickness  modes,  the  non-uniform  wtill  thickness 
is  e.xpcc:cd  to  disrupt  and  broaden  these  coupled  modes.  The  displacement  fields  and  the 
resonance  frequencies  of  these  modes  were  discussed  in  details  elsewhere  [10]. 


0  joo  1000  1300  Tm 

Frequency  OcHz) 

(a)  calculated 


(b)  observed 

Figure-4.  Admittance  spectra  of  a  tangentially  poled  PZT  hollow  sphere  ( Typc-4 ) 


Partial  evaluation  of  the  perfonnance  of  hollow  sphere  piezoelectric  aansducers  as 
underwater  hydrophones  were  achieved  through  the  hydrostatic  piezoelecmc  charge 
“Efficient,  dh  measurements.  These  measurements  are  carried  out  under  hydrostatic  pressures 
from  100  to  1,000  psi  with  a  30  Hz  stimulus.  A  PZT-5  disc  was  also  ““d  m  the 
measurements  to  compare  the  spheres  with  the  bulk  tiiatenal.  From  the 
measurements,  hydrostatic  piezoelectric  voltage  coefficient  ^gh)  and  hydrophone  figme  of 
merit  are  calculated  using  the  following  equations.  The  results  are  given  m  table- 1  and  plotted 

in  figure-5 

-t 

figure  of  merit  ~  dh*  gk 
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FiCTire-5.  Comparison  of  the  hydrophone  figure  of  merit  of  the  hollow  spheres 


In  figure-5  only  two  types  of  tangentially  poled  spheres  namely  ^e-1  mth 
mea^d  and  type-5  with  the  highest  values  measured,  were  plotted.  The  other  three  types 
were  found  to  fall  within  this  range.  The  results  indicate  that  hollow  sphere  piezoelerac 
transducers  posses  three  orders  of  magnitude  higher  hydrophone  figure  of  ments.  The 
Lplification  of  the  sensitivity  results  from  the  transformanon  of  a  hydrostatic  pressi^  into 
tangential  and  radial  stresses  on  a  spherical  geometry.  In  this  gcoineffy,  radius  to  thickness 
^•1  rTn  taken  as  the  stress  amplificadon  factor.  A  detailed  discussion  along  with  a 

tplfficauon  is  givo.  by  All«,y  «  sL JIO,.  Tbc  resuhs  of 
hvdrostatic  measurements  also  shows  that  increasing  the  aenve  surface  area.  i.e.  urclec^ed 
Md  tangennally  polarized  region,  leads  to  an  increase  in  the  hydrostauc  ^nvity.  The  c  angc 
of  hydrophone  figure  of  merit  with  mcreasing  aenve  area  is  shown  in  figure  . 


250000 


200000 

V> 

2  150000 
♦ 


I  100000 

Urn 

o 

§  50000 

60 

e 

0 


Figure-6.  Change  of  hydrophone  figure  of  merit  with  the  area  of  u:e  active  region 
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5.  Conclusion 

Piezoelectric  transducers  were  prepared  from  P2T  based  millimeter  size  ceramic  hollow 
spheres.  Dielectric,  piezoelectric  and  hydrostatic  characterization  and  a  modeling  study  was 
carried  out  on  radially  and  tangentially  poled  spheres.  The  principal  modes  of  vibration  were 
found  to  be  breathing  and  thickness  modes  for  radial  poling,  and  ellipsoidal,  higher  order 
circumferential  and  breathing  mode  for  tangentially  poled  spheres.  Higher  frequency  coupled 
modes  were  also  observed  in  the  tangentially  poled  spheres.  Compared  to  the  bulk  PZT  orders 
of  magnitude  higher  dh  and  hydrophone  figure  of  merits  were  obtained  from  the  PZT  hollow 
spheres. 
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The  modified  Moonie  (Cymbal)  transducer  has  been  investigated  for  an  accelerometer  application.  High  effec¬ 
tive  piezoelectric  charge  coefficients  (das)  of  the  Cymbal  transducer  was  observed  around  15000 pC/X,  which  is 
much  higher  than  that  of  the  piezoelectric  ceramic  itself  oSOpC/X'  .  With  this  feature  the  Cymbal  trasducer 
is  a  good  candidate  for  high  sensitive  accelerometer  applications.  The  sensitivity  of  the  Cymbal  accelerometer 
was  measured  as  a  function  of  driving  frequency  and  compared  with  the  single  plate  ceramic  disk  which  was  used 
as  driving  component  in  the  transducer.  Besides,  the  geometry  of  the  transducer  such  as  endcap  thickness,  the 
effect  of  different  Lead  Zirconate  Titanate  (PZT)  compositions  and  metal  endcaps  on  sensitivity  was  investigated. 
The  sensitivity  50  times  higher  than  the  PZT  disk  was  obtained. 

KEYWORDS:  accelerometer,  piezoelectric  effect,  modified  Moonie  (Cymbal)  transducer,  sensitivity 


1.  Introduction 

Accelerometers  are  used  widely  throughout  engineer¬ 
ing,  both  as  resezu’ch  and  development  tools  and  as 
control-system  components.  However,  the  most  popu¬ 
lar  application  area  is  using  of  accelerometer  for  vehi¬ 
cle  dynamics.^*  Since  the  market  especially  for  vehicle 
dynamics  is  very  large,  various  types  of  accelerometer 
design  have  been  reported.^""^ 

One  of  the  most  popular  techniques  to  measure  accel¬ 
eration  is  using  the  piezoelectric  effect  of  materials.  In 
the  piezoelectric  effect,  no  matter  which  mode  is  used, 
such  as  compression  (longitudinal),  bending  or  shear,  the 
sensitivity  of  acceleration  sensor  depends  on  piezoelectric 
charge  coefficients  of  the  material.  When  a  longitudinal 
mode  is  used,  the  sensitivity  is  directly  proportional  to 
dzz  of  the  material.  Lead  zirconate  titanate  (PZT)  based 
ceramics  exhibit  a  large  (£33  constant,  but  still  it  is  not 
high  enough  to  measure  acceleration  efficiently.  There¬ 
fore,  PZT-polymer  composites  have  been  used  by  Ohara 
and  Miyayama  and  the  sensitivity  has  been  tripled  in 
comparison  with  the  single  PZT  plate.-*  The  other  way 
of  improving  sensitivity  taken  by  Ohtsuki  tt  aL  was  using 
multilayer  piezoelectric  ceramics,^*  with  sacrificing  the 
cost.  Since  piezoelectric  sensors  have  various  advantages 
such  as  fast  response,  which  is  very  important  for  shock 
measurement,  and  simple  detecting  circuits,  they  are  pre¬ 
ferred  for  some  applications  such  as  safety  and  suspen¬ 
sion  systems  in  the  automobile.  A  metai-piezoceramic 
composite  structure  with  very  high  effective  <£33  constant 
may  be  a  good  alternative  for  acceleration  sensors. 

A  metal-ceramic  composite  design.  Moonie.  was  first 
used  for  hydrophones  which  sense  weak  pressure  wave 
in  fluid.**  The  metal  endcaps  of  the  Moonie  were  re¬ 
cently  modified,  and  as  an  actuator  higher  displacements 
were  obtained  than  multilayer  actuators  (see  Fig.  1).^'  *°* 
The  new  transducer.  '•Cymbal",  named  after  the  endcap 
shape  like  cymbals,  has  also  higher  piezoelectric  charge 
coefficients  and  an  easy  production  method  than  the 
Moonie  trasducer. 

In  this  study,  the  cymbal  transducer  has  been  used 
to  detect  acceleration,  with  metal  endcaps  transfering  a 
longitudinal  stress  into  a  radial  stress.  When  the  metal 


endcaps  move  radially  due  to  the  compressive  stress,  the 
bonded  PZT  disk  is  stretched.  Therefore,  the  ineffec¬ 
tive  (£3)  of  a  single  PZT  disk  becomes  effective,  and 
that  causes  higher  effective  piezoelectric  charge  coeffi¬ 
cient  (djJ)  and  thus  much  higher  sensitivity. 


2.  Acceleration  Sensitivity  of  the  Cymbal 

The  force  from  a  mass  (m)  due  to  acceleration  (F  = 
ma)  is  transferred  through  the  two  metal  endcaps  on 
to  the  PZT  thin  disk,  and  it  causes  a  stress  toward  the 
circumference  of  the  ceramic  disk,  most  of  which  is  in 
the  radial  direction  and  some  part  of  which  acts  as  a 
compressive  stress  in  the  thickness  direction  (Fig.  1(b)). 

The  polarization  vector  due  to  the  stress  acting  on  the 
polyczy*5talline  piezoelectric  disk  is  defined  as: 


_  - 

.  - 

A7 

p. 

0  0  0  0  dts  0 

p. 

0  0  0  (f,5  0  0 

<^3 

X 

p. 

_<fji  dix  djj  0  0  0^ 

A4 

X. 

(1) 


where.  Py  P.  are  the  polarization  vectors  in  a 
cartesian  coordinate.  (£31,  <£33  and  are  the  piezoelec¬ 
tric  charge  coefficients  of  radial,  longitudinal  and  shear 
mode  and  X/s  (t  =  1.  -  * ,  6)  are  the  stress  components. 
In  a  c>*iindrical  coordinate  system,  which  is  more  suit¬ 
able  for  the  geometry  of  the  piezoelectric  thin  disk,  the 
stress  components  are: 


.Y|  =  X2  =  -A'.F 

X3  =  A'.F  and  X,  =  X5  =  =  0.  (2) 

Then  the  polarization  vector  can  be  obtained  as 

P.  =  (d33A'.  -  2d^iKr)P  (3) 

Here,  the  proportional  constants,  Kr  and  AT.,  depend 
on  geometry  of  the  metal  endcaps  and  the  piezoelectric 
ceramic  disk  such  as  cavity  angle  of  the  metal  endcap  6, 
thicknesses,  diameter  and  elastic  constant  of  the  metal 
endcaps  and  the  piezoelectric  disk  (A  paper  that  has  a 
detail  expression  for  Kr  and  A',  will  be  reported  in  the 
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Fig.  1.  (a)  Structure  of  the  modified  Moonie  (Cymbal),  (b) 
Schematic  comprcssi\*e  force  transformation  to  the  radial  direc¬ 
tion  on  a  ideal  metal  endcap. 


near  future).  Note  that  the  negative  value  of  d^i  acts 
positively  because  of  the  negative  sign  of  the  summation. 
Then,  charge  generation  for  the  whole  disk  can  be  defined 
as: 

Q  —  -  2d^iKr)Tna  (4) 

and  finally  the  charge  sensitivity  of  this  transducer  de¬ 
fined  by  the  charge  generation  by  unit  acceleration  be¬ 
comes: 

S,  =  nrlid^K,  ~  2dMm  (pC/(m/s^)|.  (5) 

3.  Experimental  Procedure 

The  composite  transducers  were  made  of  electroded 
ceramic  disks  (12.7mm  in  diameter  and  I.O  mm  in  thick¬ 
ness)  and  metal  endcaps  (12.7  mm  in  diameter  with 
thideness  ranging  from  0.18  to  0.30  mm).  Piezoelectric 
properties  of  the  PZT  disks  and  elastic  characteristics  of 
the  metal  endcaps  are  given  in  Table  I  and  Table  II.  re- 
spectit-ely.  Truncated-cone  shape  endcap  was  fabricated 
first  by  punching  and  then  pressing  the  metal  sheet  up  to 
100  MPa  to  give  250  ^m  cavity  depth.  The  ceramic  disk 
and  metal  endcaps  were  bonded  together  around  the  cir¬ 
cumference  with  two  component  epoxy  (Eccobond).  The 
epox>'  was  distributed  by  taking  care  neither  to  fill  the 
cavity  nor  to  make  open  circuit  between  the  endcaps  and 
the  electroded  face  of  the  PZT.  After  24  h  epoxy  cur¬ 
ing  process  under  a  small  pressure,  the  samples  became 
ready  for  the  measurements. 

Figure  2  shows  the  experimental  setup  of  the  sensitiv¬ 
ity  measurement  of  the  metal-ceramic  composite  trans¬ 
ducer.  The  transducer  was  fixed  with  added  mass  (8.4  g) 
inside  a  housing  unit.  A  commercialized  accelerometer 
(PCB  302A02)  was  mounted  on  the  top  of  the  housing 
unit  to  produce  a  reference  signal.  A  mini-shaker  (Bruel 
Ic  Kjacr  4810)  was  used  to  produce  vibration.  A  charge 


Fig.  2.  E.xperimentai  setup  for  the  sensitivity  measurement. 


Table  I.  Piezoelectric  properties  of  PSTT  disks  used  in  the  Cymbal 
transducer. 

CERAMIC 

tgS 

*1  (pC/N) 

<i3s(pC/N) 

P2T8D 

1104 

0.003 

-107 

289 

PZT3A 

1803 

0.016 

-208 

429 

PZT  3H 

3300 

0.016 

-285 

581 

Table  il.  Elastic  characteristics  of  metal  endcaps  used  in  the 
Cymbal  transducer. 

Metal 

Density 

Young's  modulus  (£) 

endcap 

(«/««»’) 

(GP4) 

Sreonium 

6.49 

77 

Brass 

8.53 

110 

Tungsten 

19.30 

405 

PZT  5H 

7.5 

71 

amplifier  circuitry  has  been  used  during  the  Cymbal  and 
the  single  PZT  disk  measurement.  The  output  signals 
(mV/G)  of  the  purposed  transducer  and  the  commer¬ 
cial  accelerometer  were  measured  sunultaneously  with  a 
digital  oscilloscope  (Tektronix  TDS  310). 

4.  Result  and  Discussion 

The  metal  endcaps  of  the  Cymbal  transducer  trans¬ 
fer  some  part  of  the  acceleration  stress  in  the  normal 
direction  into  the  radial  direction.  Therefore,  the  sensi- 
ti\"itv  of  the  transducer  depends  not  only  on  d^^  hut  also 
on  d31  of  the  piezo-ceramic.  The  Cy-mbal  transducers 
^ith  different  piezoelectric  ceramics  whose  piezoelectric 
charge  coefficients  are  different,  are  compared  in  Fig.  3. 
The  ceramic  with  the  larger  dz2  and  d^i  in  magnitude 
provides  the  higher  sensitivity.  As  shown  in  Table  I, 
PZT-oH  shows  the  highest  dai  constant,  and  also  shows 
the  highest  sensitivity  to  the  acceleration.  The  identical 
zirconium  endcaps  were  used  for  all  transducers. 

Figure  4  shows  the  sensitivity  versus  frequency'  of  the 
PZT-5H  single  disk  and  of  the  Cymbal  transducers  with 
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Fig.  3.  Dependence  of  the  acceleration  sensitivity  on  the  PZT 
composition. 
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Ftg.  4.  Sensitivity  for  various  metal  endcaps. 


various  metal  endcaps.  The  output  of  the  Cymbal  trans¬ 
ducer  with  Zirconium  end  caps  was  found  to  be  about 
50  times  as  large  as  that  in  PZT-5H  itself.  Consider¬ 
ing  the  Young's  modulus  and  the  density  of  the  PZT  5H 
ceramic  {E  =  TlGPa,  p  =:  7.5g/cm^),  it  may  be  con¬ 
cluded  that  the  elastic  properties  similar  to  the  PZT  are 
required  to  transfer  the  acceleratin  force  effectively.  It 
is  also  possible  to  compensate  thermal  dilatation  effect 
on  the  piezoelectric  material  by  choosing  a  suitable  end- 
cap  metal.  For  example,  when  tungsten  endcaps  ha%’e 
been  used  temperature  insensitive  displacement  actua¬ 
tors  have  been  obtained. 

The  transferred  stress  from  the  metal  endcaps,  which 
act  as  springs,  to  the  ceramic  material  depends  also  on 
the  endcap  geometry.  Then,  the  sensitivity  of  the  trans¬ 
ducer  is  strongly  affected  by  the  thickness  of  the  end- 
caps.  When  the  endcaps  are  too  thin,  they  deform  with¬ 
out  stretching  the  ceramic  causing  energy  loss.  On  the 
contrary  when  they  are  too  thick,  they  can  not  produce 
enough  momentum  in  the  radial  direction,  but  the  longi¬ 
tudinal  stress  on  the  edge  of  the  ceramic  disk.  Figure  5 
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Fig.  o.  Dependence  of  the  sensitivity  on  the  endcap  thickness. 


shows  the  endcap  thickness  dependence  of  the  sensitivity. 
The  thickness  0.18  mm  provided  the  highest  sensitivity 
for  the  brass  endcaps. 

5.  Conclusion 

A  mctal-ceramic  composite  structure  (Cymbal  trans¬ 
ducer)  has  been  investigated  for  accelerometer  applica¬ 
tions.  The  Cymbal  transducer  has  provided  50  times 
higher  sensitivity  than  the  single  PZT  disk,  which  was 
used  to  make  the  Cymbal  transducer.  This  50  times 
higher  sensithity  of  the  Cymbal  transducer  compare  to 
single  PZT  disk  corresponds  to  a  voltage  sensitivity  of 
4.5  V/G  and  a  resolution  of  less  than  25  ^G,  while  volt¬ 
age  sensitivity  of  single  PZT  disk  was  90mV/G. 

The  most  significant  result  was  that  the  sensitivity  of 
the  purposed  acceleration  transducer  depended  on  the 
geometry  and  the  structure  such  as  the  cavity  depth, 
thickness.  Young's  modules  of  the  metal  endcaps  as  well 
as  elastic  and  piezoelectric  properties  of  the  PZT  disk. 
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Abstract;  Collocated  smart  structures  provide  the  most  effective  technique  of 
influencing  the  stimuli.  Such  systems  can  also  be  used  for  absorbing  underwater 
acoustic  waves.  A  collocated  system  is  designed  by  mounting  piezoelectric  sensor 
on  a  multilayer  PZT  discs  stack.  Using  PZT  sensor  for  narrowband  response  and 
modified  lead  titanate  sensor  for  broadband  response,  the  effectiveness  of  these 
smart  structures  in  absorbing  acoustic  waves  is  experimentally  determined  by 
using  an  acoustic  tube. 

INTRODUCTION 

It  has  been  shown  that  collocated  smart  structures  can  be  used  in  active  vibration 
control  and  removal  of  energy  from  the  vibration  field  [1,2].  These  collocated  systems 
for  vibration  control  are  designed  by  directly  mounting  a  piezoelectric  sensor  on 
multilayer  stack  of  piezoelectric  (generaDy  PZT)  thin  discs.  The  piezoelectric  thin  discs 
in  the  actuator  are  mechanically  in  series  and  electrically  in  parallel  so  that 
displacements  of  each  disc  adds  up.  If  the  sensor  voltage,  which  develops  due  to 
pressure  change  on  the  sensor  surface,  is  amplified,  inverted  in  phase  and  applied  to 
the  actuator,  the  dynamic  compliance  of  the  sensor-actuator  composite  can  be 
controlled  and  used  in  active  vibtadon  control.  The  material  properties  play  a  crucial 
role  in  the  designing  of  the  systems.  For  example  to  obtain  a  narrowband  response 
from  a  simple  collocated  system,  a  PZT  sensor  can  be  used.  But  for  broadband 
response,  there  are  restrictions  on  choice  of  sensor  material.  A  modified  lead  titanate 
sensor  is  required  to  obtain  broadband  response  from  a  simple  collocated  system.  In 
these  systems  there  is  a  very  strong  field  coupling  between  the  sensor  and  the  actuator 
and  therefore  they  are  quite  difficult  to  design  because  of  stability  consideratioos. 
However,  they  provide  the  most  effective  technique  of  controlling  the  field  since 
sensing  and  actuating  takes  place  at  the  same  point  It  should  also  be  pointed  out  that 
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by  moving  fhe  sensor  surface  by  electronic  feedback  to  the  actuator,  the  acoustic 
impedance  of  the  smart  material  (sensor-actuator  composite)  can  be  controlled.  This 
presents  the  opportunity  of  using  these  smart  systems  for  underwater  acoustic 
absorption  and  therefore  making  them  useful  in  many  applications.  In  this  work  we 
investigate  the  underwater  acoustic  absorption  by  collocated  smart  materials. 

Experimental 

Bgure  1  shows  the  collocated  smart  system  which  has  been  used  to  absorb  energy 
from  underwater  acoustic  waves.  For  this  investigarion,  an  acoustic  tube  experiment 
was  set  up  as  shown  in  fig.  2.  A  3  feet  long  aluminum  tube  with  3  inch  internal 
diameter  and  0.5  inch  wall  thickness  was  used  as  an  acoustic  tube. 

Pratturt  wovt 


FIGURE  1.  Collocated  Smart  Material. 

Standard  navy  transducer  J9,  which  operates  at  low  frequencies,  was  placed  on  one 
side  of  the  acoustic  tube  and  a  cell  as  shown  in  fig.  3,  was  designed  to  house  sensor- 
actuator  combination.  The  cell  was  placed  on  the  other  side  of  the  acoustic  tube.  A 
solid  aliitninum  cone  was  joined  to  the  sensor  in  the  cell  to  increase  the  effective  area 
of  the  sensor.  The  ceil  was  filled  with  castor  oil  so  that  the  gap  between  the  robber 
diaphragm  and  the  aluminum  cone  contain  castor  oil  which  would  provide  acoustic 
coupling  between  the  diaphragm  and  the  cone.  Because  of  air  bubble  problems  the  cell 
design  was  dianged  to  remove  castor  oU.  The  rubber  dirq)hragm  was  glued  directly  to 
the  aluminum  cone. 


FIGURE  2.  Acoustic  tube  set  up  for  underwater  acoustic  wave  absorption  measuiement. 
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Al-r 

FIGURES.  Cen  contain!^  collocated  sensor  actuator  oombiaation.  A  low  noise 
preamplifier  is  housed  in  a  cavity  in  die  aduminium  blodc  bdiind  the 
actuator. 

Narrowband  Response 


In  this  case  a  PZT  disc  was  used  as  a  sensor  in  sensor-actuator  smart  composite 
and  a  high  Q  bandpass  filter  was  placed  in  the  feedback  circuit.  Assuming  that 
diameter  of  the  tube  is  small  compared  to  the  wavelength  so  that  plane  wave 
propagates  in  the  tube,  the  pressure  as  a  function  of  length  in  the  acoustic  tube  can  be 
calculated  by  solving  die  well  known  Helmholtz  equation  and  iqiplying  the  apprc^riate 
boundary  conditions.  This  assumption  is  clearly  valid  for  the  low  frequencies  used  in 
the  experiment.  In  the  experimental  set  up,  provision  was  made  to  monitor  the 
pressure  along  the  axis  of  the  tube  by  placing  very  small  pressure  sensors  through 
very  small  holes  in  the  wall  of  the  tube.  The  acoustic  tube  was  lowered  in  the  water 
tank  and  filled  with  water  so  that  whole  acoustic  tube  with  J9  and  cell  on  its  sides  was 
submerged  in  the  water.  Care  was  taken  to  remove  all  air  bubbles  from  the  acoustic 
tube.  The  signal  from  the  sensor  was  amplified,  passed  through  the  bandpass  filter 
which  was  tuned  to  the  J9  frequency,  inverted  in  phase  and  applied  to  the  actuator. 
The  effect  of  the  sensor-actuator  combination  on  the  pressure  along  the  axis  of  the  tube 
could  not  be  seen  due  to  small  applied  voltages  to  the  actuator.  Alternatively,  the 
sensor  voltage  was  monitored  with  and  without  feedback  applied  to  the  actuator.  The 
frequency  of  the  standard  transducer  J9  was  changed  and  the  bandpass  filter  in  the 
feedback  circuit  was  tuned  to  the  same  frequency.  Figure  4  shows  the  effect  of 
feedback  on  the  sensor  voltage.  The  reduction  in  sensor  voltage  when  feedback  was 
iqiplied  implies  that  the  smart  material  partially  absorbed  the  incident  acoustic  wave. 
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FIGURE  4.  Narrowband  response  of  die  collocated  sensor-actuator  combination  for 
the  under  water  acoustic  absorption. 

Broadband  Response 

The  PZT  sensor  was  replaced  with  modified  lead  titanate  sensor  in  the  cell  and  the 
high  Q  bandpass  filter  was  removed  from  the  feedback  circait  The  feedback  circuit 
used  in  this  system  is  described  elsewhere  [2].  The  sensor  voltage  was  monitored  with 
and  without  feedback  to  the  actuator.  The  frequency  of  transducer  J9  was  changed  and 
sensor  voltage  again  monitored.  Figure  5  shows  the  broadband  response  of  the  smart 
system. 

RESULTS  AND  DISCUSSION 

Figure  4  shows  the  narrowband  response  in  which  the  ratio  of  sensor  voltage 
without  and  with  feedback  applied  to  the  actuator  as  function  of  frequency  is  plotted. 
Higher  reduction  factor  implies  higher  effectiveness  of  the  smart  system  since  the 
sensor  voltage  is  a  measure  of  acoustic  impedance  of  the  smart  system.  The  reduction 
factor  obtained  is  about  50  at  low  frequencies  dropping  to  about  35  around  2  VHy  The 
drop  in  sensor  voltage  reduction  factor  is  e^iected  since  response  time  of  the  actuator 
comes  into  picture. 
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FIGURE  5.  Broadband  response  of  the  coUrpted  sensor-actuator  combinatioa  for 
the  underwater  acoustic  absorption. 

The  broadband  response  of  the  smart  system  is  obtained  without  using  a  higher 
order  filter  in  the  feedback  circuit.  This  design  is  possible  because  of  low  planar 
coupling  coeflicient  of  modified  lead  titanate.  Again  the  sensor  voltage  reduction  &ctor 
is  seen  to  be  55  at  low  frequencies  dropping  to  40  at  1.5  kHz.  This  is  a  broadband 
response  of  the  smart  system  since  there  is  no  bandpass  filter  in  the  feedback  circuit 
and  only  J9  frequencies  are  changed  keeping  the  J9  voltage  same  at  each  frequency. 
These  results  for  narrowband  and  broadband  response  show  that  it  is  possible  to 
control  the  acoustic  impedance  of  the  smart  structures  and  remove  energy  from  the 
incident  acoustic  waves. 
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